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The oil shale used in this study is a sedimentary rock containing various ~
amounts of organic material -(commonly called kerogen), which was derived from de~
cemposition of aguatic organisms, Associated with the kerogen are large gquaniities
of calcite and dolcmite, with smaller amounts of clay minerals, quartz, pyrite, etc.
The kerogen is a light~brown mixture of solids having no appearance of oil and is
only partly soluble in organic solvents at room temperature. At present, it has not
been possible tc separate the organic and inorganic phases completely, consequently,
most kerogen constitutional studies have been conducted on degradation products.

Cne method of degradation consists of heating kerogen at various temperatures
tc obtain soluble products. %hen retorted at about 500° C. (932° F.), kerogen can
be converted to crude shale oil, gases and carbon residue. A4s approximately 35
percent of the kerogen is cracked to gases and carbon residue by retorting, this
method of degradation is not suitable for constitution studies. Kerogen can also be
converted to soluble products at temperatures from 200° to 350° C. (352° to 662° F.),
hovever, at a much slower rate. Extensive cracking of kerogen does not occur at
these termeratures; consequently, the soluble products obtained by this thermal
degradation should contain many of the structures present in the original kerogen.

_ Samples of raw oil shale were extracted with tetralin at 25° to 350° C. for
2L to 1L hours. 4s a result, kerogen was degraded to a soluble material, with
production of no or very little pyrolytic gases at 300° C., and only about 6% of
the kerogen vias degradsd to gases at 350° C, There was no evidence of the forma-
tion of carbon residue at any temperature. The crude extracts were fractionated
into oils, waxes, resins, and pentane-inscluble material and characterized by

ultimate analyses, ring analyses, x-ray diffraction, mass and infrared spectra, and
chemicel treatment. '

This study showed that the composition of the extracts depended-upon the time
and temperature of extraction. At constant time of extraction, the pentane-insoluble
material increased with increase in temperature of extraction,. while the percentage
of resins decreased with increase in temperature over the range studied. The per-
centaze of oil remained nearly the same, while the wax content ‘increased slightly
at the higher temperatures. The composition of the extracts indicated that kerogen
is composed predominantly of saturated heterocyclic structures and smaller amounts
of straight-chain paraffins, cyclic paraffins, and aromatic structures.. These

conclusions agree with and supplement those reported earlier (6,7) from oxidation
studies, : ’

Information concerning the constitution of the kerogen present in oil shale,
the processes by which it is degraded to useful products, and the composition. of its
degradation products is needed for developing new and more economical methods of
processing this natural resource. It wes the purpose of this study to obtain informa-

tion concerning the nature of kerogen and the low-temperature pyrolytic products
obtained from it.
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EXPERIMENT AL PROCETURE

Materials. Alwnina XF2l grade, 80-200 mesh b(Alum':ia. Company of 4imerica),
preheated at 700° C. (1292° F.) for tio nours before use, '

Silica gel, analytical grade, 28-200 mesh (Devidson).

Tetralin, CigHyps B. p. (205° - 208° C.), Matheson, Coleman, and 3ell, con:
tained 0.0L7 residue after steam ‘distillation. .hen heatsd to 350° C. for L2 hours
in absence of air, the purified tetralin cont._.lnoci an additional 0.057 residus after
steam distillation.

ipparatus. Reaction vessel, 2000-ml. pressure apparatus (Parr Tnstrument
- e S R . . . - 5 . = P . N . .
“Company, Series L500) equipped with stirring mechanism to stir contents ons-minute
of each 30 minutes of extracticn. °

Chromatographic columns, glass cclums having three sections (lower section
1.0 cme x 85 cm., middle section 1.5 cm. x 42 cm,, and top szction 3.5 cm. x 22 cm.),
water-jacketed, and fitted with adapter so 10 %o 15 D.o-l.b. nitrogen oressure could
be applied to the column.

0il-Shale Sample, The oil shale was obtained from the ilahcgany zone of the
Green River Iformation at the Bureau of Hines Experimental Mine nsar Rifle, Colo.
The sample contained approximately 353 or"am.c material (28.5% organic caroon) and
assayed & gallons of oil per ton of shale by the modified-Fischer-retort Zethod ({).
For use in this study the o0il shale was crushed and screened to pass a sieve of 100

meshes per inch,

i

Preparation of Extracts. Successive batches of 350 grems of 011 s‘.ale rere
placed in the reaction vessel with 810 ml. of tetralin (2.3 =l tetral 1 per gram of
shale), and each batch was extracted L8 hours at 25° to 350° C. (’I‘To series of

Q

D+

extractions were made using tetralin as solvent for 48 to 1l heurs at 200° C. and
24, L8, 96, and 1L} hours at 350° C.) After cooling to room femperature, ihe 7ess
was opened and the contents removed. The shale residue was centrifuzed from th
extract and solvent, then extracted with benzene until frees of tetralin and solubdle
material, The shale residue was air-dried and retained for analysis., The tetralin
and denzene extracts were comdined and then stean-distilled to remove the solvents.
After removal of the tetralin, the extract was recovered from the - o
solution in benzene., Most of the water was removed from the benzene sol of ine
soluble extract vy means of a separatory funnel and the last trace oy azeotropic cis-
tillation. Benzene was removed from the extract oy atmospheric distillation and the
final traces by drying at 80° C. under reduced pressure. (41l extrasts were dried
under these conditions.) By treating several batches of oil shale at different
temperatures in the presence of tetralin for L8 hcurs, the following total amounts of
extracis were obtained: 77 grams of extract at 25° C., 138 grams at 200° C., 185 grams
at 250° C., 165 grams at 300° C., and 106 grams at 350° C.

The percentage of kerogen extracted from the raw shale was determined from ccm-
parison of the kerogen-to-ash ratios obtained before and after the oil shale was
extracted., Following is an expression of tinis relationship:

Kerogen after. extraction, & » Kerogen before extraction, ¥ % 100 = Unextracted
Ash after extraction, % 4sh vefore extraction, % kerogen, 3
The percentage of kerogen T'.ras deternined from an ash and mineral C0, analyse:z
and equaled 100 minus the sum of the ash and mineral CC;. This method of computing
the percentage of kerogen decomposed was based upon the a2sswiption that the mineral
portion of the raw oil shale was unaltered by the thermal solution treatment.
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The extractions were made at the pressure ger\erated by the solvent plus pyro-
wed at the temperature of extraction. Hot pressures re.nged from
30 p.s.i.ge at SO“ C. to 700 p.s.i.g. at 350° C., while ccld pressures ranged {rom
40 p.S.i.g. for the 250° C. extraction to 200 D.s.i.g. for the 350° C. extractlon

{p }TO ytic gases).

The dried extracts were fractionated by a procedure outlined in figure 1. The
purpcse of these fractionations was to obtain materials of similar properties for
Turther analyses and study. Becausé of the complex nature of the material, the
methed of fractionation employed was not expected to separ2te individual components.

E‘”a tionation of Extracts Into Qils, Waxes, Resins, and Pentane-Insoluble
Ten-gram patencs of the crude extracts were dissolved in a IC : 1 volume
'Fa—tlo of pentane and allowed to stand overnight at C® C. and then filtered, The
nent_ne—_“ao*uole material was washed with a s'nall,quantlty of cold pentane (0° C.)
a:u‘ then dried, weighed, and designated 2s pentane-insoluole materizl, The soluble

aterial was stripped free of pentane, dried, and weighed. Five-grem batches of the
pe:zmr\e—soluole material were placed on a nrexretued colum of alumina (25 : 1 weight
ratio of 2lumina to sample) and eluted with pentane follocwed by benzene-methanol
mixtures and acetone. The pentane-eluted material (oil plus wax) was stripped free
of pentane, dried, and weighed. The material remaining.cp the column was removed
by tenzene-methanol mixtures and acetone. This material, referred to as resins, was
stripped free of solvent, dried, and weighed. Five-gram batches of the oil and wax
fraction vere dissolved in a 40 : 1 volume ratio of methyl ethyl ketone (WEK) to
extract and ellowed to stand at =5° C. for 1 hour. The wax was filtered from the
iB¥-soluble material, dried, and weighed. 'The MEK was removed from the oil by dis-
tillation and the latter was dried and weighed.

Fractionztion of Waxes., Urea adducts were prepared by reacting each gram of wax
with 21 ml, of 2 saturated solubion of urea in methanol. Excess urea amounting to
1.5 grams per gram ¢f wax plus 6 or 7 drops of benzene was added. This mixture was
stirred at rcom temperature for 1 to 2} hours. The adduct and non-adduct waxes
were separated by filtration; the final traces of non-adduct material were removed
by washing with 100 ml. each of pentane and isooctane. The adduct was then decom-
vosed with hot water and, after cooling, extracted from the water phase by ether. ~~

The adduct wax was freed from ether, dried, and weighed. The pentane-isooctane-
m=thanol solution of the non-adduct was frﬂed from urea by washing with water. The
non-adduct wax was freed of solvent by distillation, dried, =nd weighed.

Fractionation of Oils. The oil vas fractionated by a method similar to that
reported by Hair et al. (3). Four-gram batches of the oil fraction were placed on
2 prevetted column of silica gel (25 : 1 weight ratio of silica gel to '=a.mple) and
elut,e successively with isooctane, benzene, and 2-propanol. The three fractions
were Ireed of solvent, dried, and weighed., The isooctane-eluted material was called
paraffin oil, the benzene-eluted material was cdl led aromatic oil, and the 2-pro-
panol-eluted material was called polar oil., The paraffin oil was further fraction~
ated into paraffin-oil adduct and paraffin-oil non-adduct by the technique used for
waxes, Additicnal fractionation of the aromatic oil was obtained on a prewetted
columx of alumina (25 : 1 weight ratio of alumina +to sample) by using iso-octenes,

benzene, and 2-propanol as eluting solvents. The solvent was removed from each of
the fractions, and the oil was dried and weighed.

Physical Proverties. The ultimate composition of the crude extracts and the
various fractions was determined by conventional methods of analysis: Carbon and
hydrogen vere determined by a combustion train, niirogen by Kjeldahl digestion,

sulfur oy ignition in a Parr oxygen bomb, and oxygen by difference. Densities were
deterpined using oycnometers at 20° or e.t LO° €. and convegtlr:g to d + Refrac-

tive indices viere determined using the sodium D line (589 4) and the mercury g line
(136 4 % and were used to calculate specific dispersion for the aromatic fractions.
ilolecular weights were determined by the rise-in-boiling-point method using benzens
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as the solvent, Infrared, ultraviolet, and mass spectra, as well as x-ray diffrac-
tion, were used to characterize the various fractions,

Chemical Propertiss. The fractions were oxidized by a method describved oy
Robinson et al. (7) with an excess of alkaline potassium permenganate at the toiling
temperature of the solution for 100 hours, Concentrated hydriodic acid (70%) was
used to reduce the resin and pentane-insolubls fracticns oy a method described by
Raudsepp (5) in which the fraction plus HI was sealed in a glass tube and heated 2L
hours at 200° C,. Basic nitrogen was determined for the resin and pentane-insoluble

ractions by a method described by Deal et al. (1), in which total tasic nitrogen
was determined by titration with perchloric acid. ieutral nitrogen comgounds were
determined as the difference between the basic nitrogen and the total nitrogen,

EXPERIMENTAL RESULTS AND DISCUSSION

Rate of Product Formation. The amcunt of conversion of kercgen itc degrada
products oy thermal solution in tetralin was dependent upon the temperature and iime
of extraction, TFor constant periods of extracticn of L8 hours, the conversion of
kerogen to degradation products ranged from L.LZ 259 C. to F“J.,Z at 330° e
(table 1), By maintaining the temperaiure const at 2C0° C. arnd varyin
of extraction, the yield of prcducts ranged from 8.8% for L8 ncurs to 9.33
hours of extraction., A comparavle series of exiractions a2t a constant terperature
of 350° C. showed an increase in procduct yield of 75.8% fer 2L hours of artraction
to $L.5% for 1), hours of extraction. This showed that most of the product was ou-
tained during the first part of the extraction, as 6% of the total (for 1l
was obtained after 24 hours. 4n additional 109 was formed in a subsegusn® 2L
period with the final 10% requiring 96 more heurs of extraction. This
that at lcwer temperztures, where low yields of product were ootained,
impossible in finite time to odtain 100% cenversion of kerogen to :o'" nle products,
Landau and Asbury (2) showed that a straight-line relationship existed
of extraction and itime of extracticn divided by percentage yield oI sxiract ans
the slope of the line showed the ultimate yield of ract which could ve obteined
from coal, The calculated ultimate yield from a similar plot of data cttained from
0il shale in this study was 9. 6% at 200° C. and 100% at 250° C.
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TABIE 1. - Tetralin extraction of kerozen from raw shale

Time of : Temperature

extraction, of extraction, Kerogen
hours : °C. . sxtracted, 3
L8 25 1
L8 200 8.5
Lk 200 9.3
L8 250 10,2
L8 300 28,7
2l 350 75.8
L8 350 8L.9
96 350 | 87.9
bl 350 9h.S

~

The influence of temperature on the conversion of kercgen to soluble material
is shovm in figure 2. A gradual increase in yield of product per degree rise in
temperature was obtained from 25° to 250° C., while from 300° to 350° C. 2 rapid
increase in yield per degree rise in temperature was obtained. The tresk in the
curve suggested that a change in the thermal solution process took place at approx-
imately 275° C.
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son and Prien (9) repeorted a similar relationship at 300° Q. and sug-

t the reaction taidng place below 300° C. was the desorption of macro-
of k en in which bond energies comparable to van der Waals forces
ove 300° C. other secondary oonds were oroken, Similar reason-
indicate that the composition of the products obtained below 300° C.
hould cdiffer from those oCtained above 30C° C. Likewise, the molecular weights
he crude extracts cbtained at the two tempersture renges prooably weuld be
cdifferent. Data presented later in this paper only partly confirm these findings.

Compesition of Crude Zxtracts. The sulfur and oxygen contents
he extracts decreased with increase in temperature and time of
his showed that structures which contained these elements were
usceptidle to thermal degradation. 3y contrast, the nitrogen structures,
n were difficualt to degrade and only a small amount of the kerogen nitro—
velved in the form of gases. In tesis (fig. 3) where the time of extrac-—
" constant at L3 hours and temperature increased, loss of oxygen (probably
decarboxylzaticn and dehydration) from the extracts occurred between 200° and 250° C.
to 350° ., where only a small portion of the kerozen oxyzen remained
Sulfur contents remained high urtil 2 temperature of 350° C. was
css of sulfur (orobably as HpS) became rapid. Hydrogen contents.
eouzl to that of the original kerogen over the temmerature rancge.

contents of the extracts increased very rapidly at 300° C. with
ature of extraction and nearly equaled that of kerogen in the

In the tests where temperature remained constant at 350° C. and

wime acticn wvaried, similar trends for oxygen and sulfur were obtained
Tige LY. Overall oxygen and sulfur contents decreased with time of extraction,
n centents ained nearly constant, and the hydrogen contents decreased

er L5 hours of evtraction. Mo significant differences were found in the riolec—

© welghts of the crude extracts which were prepared at 350° C. and 4§ hours of
: acuion time, However, molecular weights of the extracts decreased with increase
in vime of extraction at constant temperature of 350° C.

composition and molecular weight of crude tetralin extracts

Time of
extraction, stomic ratios x 10° Holecular

hours c u_ oY w s ®/C o/c w/c S/c weight

s L8 80.4 11.1 6.5 0.9 1.1 159 5.8 0.9 0.5 580
200 L8 80.8 10.7 6.6 0.9 1.0 159 6.1 0.9 0.5° 595
250 LS 82.2 10.9 L.9 1.0 1.0 159 4.5 1.0 0.5 555
300 L8 82.L 10.5 L.2 1.6 1.3 153 3.8 1.7 0.6 580
350 2l 82.7 10.3 3.5 2.4 0.6 157 3.2 2.5 0.3 625
350 48 84.1 11.3 1.0 2.6 1.0 151 0.9 2.7 0.4 535
350 - 96 85,1 11,0 1,0 2.6 0.3 155 0.9 2.6 0.1 405
350 b 8L.7 10.6 1.7 2.6 0.4 150 1,5 2.6 0.2 410

gy/ :yzen was determined by difference.

rolytic Gases. Aporoximately 603 of the pyrolytic gas was hydrogen, some
oI whica may have resulted from the dehydrogenation of the tetralin used-as solvent.
At 350° C. approximately 28% of the cxygen and 19% of the sulfur present in kerogen
was removad as pyrolytic gases (table 3) compared to about 3% of the total carbon.
This suggested that at this temperature oxygenated zroups such as carbtoxyl or others
were degraded to CO2 and -Co, while sulfur groups such as sulfides or others were
degraded to HpS. Iy contrast, only a small portion of the kerogen was degraded to
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gases at 25° £o 300° C, Based on the total kerogen, aporoximately 47 of the kercgen
was degraded to gases at 350° C., 0.2% at 300° C.; and 0,097 at 250° C. fThis shows
that very little of the kerogen was cracked to final degradation prod\jcts at 320° C.
and below, only a small amcunt of kercgen being converted to gas 2t 350° C. ilso,
there was no evidence of the formation of carbon residue at any temperaturs. Con-
sequently, extracts prepared a2t these temperatures should contain many of the struc-

tures present in the original erogen.

TABLE 3. - Gases produced by degradation of cne kilcgram of “erogen

Ges produced, noles
Degradation temperature, <.

250 3C0 350
Methane 0,003 0.005. . .0.578
Ethane ’ - - 0.153
Propane A 0.004 0.008 0.578
n-Butane plus isobutane - - 0.020
n-Pentane plus isopentane - - 0.007
Carbon dioxide 0,007 0.013 0.537
Carbon monoxide 0.011 0.221 0.013
Eydrogen 0.0L0 0,081 2477
Hydrogen sulfide - - 0.065
Nitrogen - - 0.203
Total gas produced 0.065 0.128 i b
Product Distribution. The percentage of pentane-inscluble material rresent in
the extracts increased with increasa in temperature of extraction zi 250° tc 350° C.
(fig.s 5), while the wax content of the extracts incresased at 300° and 350° C.,
ts da-

where time of extraction was constant at L8 hours. 3y centrast, resin conten
creased continuously with increase in temperature over the temperature range. Cil
content increased at 200° C. and decreased slightly at 350° C. This showsd that %he
composition of the extracts was dependent upon the temperasture of extraction. Uilii-
mate compositions and molecular weights of these fractions are shovm in table L.

In the series of tests at 350° (., Wwhere time of extraction was varied from
2L, to 1LL hours, pentane~insoluble material decreased from L3 to 21% with increass
in time of extraction. On the other hand, resins increased from 1§ to 29%, ocils
from 27 to 377, and wax from 7 to 13%. This showed that approximately half of the
pentane~insoluble material was degraded into oil, wax, and resins at 350° C. after
1y hours of extraction.

Constitution of ¥Waxes. The constitution of the wax fractions produced at the
temperatures studied showed limited variation. The percentzge of adduct (pre-
dominantly straight chain structures) obtained from the wax tended to decrease wizh
increase in temperature of extraction as the 25° C. wax produced 72% wax adduct
compared to 51% for the 350° C. wax (see tadole 5). Also, the nén-adduct wax was
predominantly naphthenic. ¥ass spectra showed that the straight-chain vorvion of
the waxes tended to decrease in carbon chain length as the temperature of extrac-
tion increase, for example: The average chain length was 30 for the 25° ¢. wax
adduct, 28 for 250° C. wax adduct, and 25 for 350° G. wax adduct. X-ray diffrac-
tion showed that the non-adduct wax fractions had an average chain length less
than 16 carvon atoms. The wax adduct fractions contained an average of 2.0 to 2.I
methyl groups per molecule, which indicated little or no vranching. The cyclic
pertion of the wax contained 1 to 6 rings with 3 to L rings predominating. Tre
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average molecular weight of the crude-wax fraction (before fractionation uy the
formation of urea adducts) ranged from 355 tec L50-and tended to decrease with in-
crease in temperature of extraction from 25° to 350° C. Ultimate composition of
the unfractionated wax showed minor variations and averaged 84.3% carbon, 13.23
hydrogen, 1.0Z oxygen (by difference), 0.2% nitrogen, and 0.2% sulfur.

TABLE 5. - Carbon distribution of wax fractions

ot . .
Temperature of Carbon-type composition Percentzze of

; °0m - % Cy % Cp : 9 o
extraction, °C. i total wax
Yiax (adduct)i/
25 9 91 71.5
250 ’ 12 a8 . 55.5
350 12 83 5C.5
j Wax (non-adduct )/

25 70 22 284
250 66 3 LL.i
350 78 22 L9.5

1/ Determined from mass spectra.

Constitution of Qils. The composition of the-oil fractions tended to becoxze
more aromatic and less paraffinic with increase in temperature of extraction (sse
fig., 6). 1In general, the percentage of paraffin oil non-adduct decreased wita i
crease in temperature of extraction, the aromatic and polar oil fracticns increzsed
with increase in temperature, while the paraffin ¢il adduct remained nsariy tas
same, Utilizing physical property data, ring analyses were determined Tor the
paraffin oil non-adduct fraction by the n-d-ii method (10) and for the aromatic oil
by the Martin method (L). Mass spectra were used to determine the amcunt of
straight—chain and cyclic paraffins present in the parafiin oil adduei. The resulis
of these analyses are shown in table 6. Based on these data aporoximately 3337 of
the 25° C. oil consisted of straight-chein paraffins, 43% cyelic pare’fins, 153
aromatics, and 3% polar ocil. The 350° C. oil was more eromatic as it contained
18% straight-chain paraffins, 26 cyclic paraffins, 36% arometics, and 20% polar
0il,

TASIE 6. - Ring analysis and molecular weight of oil fractions

Carbon-type composition

Temperature of B = = Yolecular
extraction, °C. » Cy » Cy » Cp weight
Paraffin oil (adduct)y/
25 § 72 23 Lo
250 0 8o 20 380
350 0 32 185, 285
Parafiin oil (non-adduct)s/
25 6 57 37 42
250 0 75 2% k15
300 1 58 42 345
350 3 L7 .50 370
Aromatic oil (0-2-1)3/
2 L5 25 30 300
250 L6 37 17 290
350 81 12 7 305

1/  Determined from mass spectra.
2/ Determined by n-d-if method.
3/ Determined by Martin method.
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The percentage of aromatic compounds in the 350° C. 0il may be too high because

of extrancous materials that were obtained from the tetralin used as solvent. Based
upen the amount of extract produced and the amount of tetralin residue obitained at
350° G, aperoximately 0.7% of the total extract may have been derived from the
tetralin, Recause of small yields, as much as 5% of the total 25° C. extract may
have core from this source., The composition of the 350° C. oil was corrected for an
assumed amount of 5% (based on total oil) of aromatic oil which may have been derived
from the solvent. After this correction the 350° C. oil contained spproximately 19%
straight-chain paraffins, 27% cyclic paraffins, 33% aromatics, and 21% polar 011.

The paraffin-cil adduct fraction had an average of 2 6 to 3. u rings per molecule,
the paraffin-oil non-adduct had 2.8 to 5.1 rings per molecule, and the aromatic oil
eluted with isooctenes had an average of 3.0 to L.0 rings per molecule. (The latter
fraction represented 95% -of the aromatic cil.) The aromatic—cil fraction (isooctene
eluted) had an average of 22 carbon atoms per molecule and a determined molecular
weight of 305. Iass spectra of this fraction showed that every homologous series
was present in percentages ranging from 10 to 19%.

The molecular weights of the oil fraction before fractiomation ranged from
340 to 375 and showed no correlation to temperature of extraction. Likewise, the
elemental composition of the o0il fractions showed very little variation and averased
carbon, 12.0% hydrogen, 0.5% oxygen, 0.2% nitrogen, and 0.4% sulfur.

Constitution of Resins, Significant differences in the elemental composition

of the resin fractions were found (fig, 7). In general, oxygen, aydregen, and sul-
fur contents of the resin fractions decrease with increase in temperature of extrac-
tion. The oxygen content of the resins decreased at tomperatures from 25° to 200° C.,
reached 2 maximum at 300° C., and decreased very rapidly at 350° C. This showed that
rapid degradation of oxyzenated structures occurred vetween 300° and 350° C., prob-
2bly resulting in the formation of 20 and CC,. Hydrogen-to-carben ratios gradually
decreaczed over the temperature range indicating the ﬁresence of an easily dehydro-
genated material, while sulfur contents tended teo decrease only at the higher temper-
atures. 3y contrast, nitrogen-to-carhon ratios increased with increase in tempera-—
ture over the temperature range. These results suggested the follewing: (1) Oxygen
structures present in resins are readily made soluble and are easily degraded fur-
ther to 00y, CO, and perhaps water. (2) Nitrogen structures present in resins are
difficult to make soluble and are quite stable to further degradation. From bond
enerzies it appears that kerogen contains more C=N structures, which have higher .
bonding energies, than C-il structures. (3) Loss of hydrogen from the resins at

all temperatures indicated that easily dehydrogenated structures suck as partly
unsaturated cyclic structures, isoprenocid, steroid, or similar structures are

present in kerogen. (l) Ioss of sulfur at 300° and 350° C. indicated the presence

of some unstable sulfur compounds,

The molecular weights o: the resin fractions ranged from 570 to 650 and did
not appear to be related to the temperature of extraction.

The resin fraction obtained from the 350° C. extract was subjected to oxidation
by an agueous soluticn of alkaline potassium permanganate and approximately 753 of
the resin was unoxidized. Zomparable tests on the oil fraction from this extract
showed that 71% of the oil remained unoxidized, also, comparable ratios of kng), to
carbon were consumed in both tests. This shows that approximately the same amount
of structures, which are resistait to oxidation, are present in the resins.as are
present in the oils. The resin contained 3.0% nitrozen, however, this did not
alter the oxidation appreciably frem that of the oil which contained only 0.4%
nitrogen. This suggested the presence of cyclic nitrogen structures which may be
stable 10 XinQj oxidation,
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The 350° C. resin fraction was subjected to reduction Gty hydriodic acid;
avnroximately 387 of the resin was reduced o oil, 2% to wax, and 607 remained
wnchanged. This indizated that approximately LOZ of the resin had structures
similar to that rresent ir the oil and wax fractions.

Infrared spectra of the resin fractions indicated {he presence of nydrozyl
and carbonyl zroups and that the amount of hydroxzyl groups tendzd to increass with
increase in temperature of extraction. The band indicating the presence oI four
or more methylene groups appeared to oe weak which showed the presence of only
small smounts of large side chains. Carboxyl zroups, in addition to hydroxyl
groups, appeared to be present in the extracts prepared at hizher temperatures.

Basic nitrogen determinations on the resin fractions showed that the ratio
of basic nitrogen to total nitrogen ranged from O.4h for the 25° C. resinsz to
0.34 for the 350° C. resins. Thus, the neutral nitrozen present in the resins
tended to increase with increase in temperature of extraction and represented Ifrom
56 to 663 of the total nitrogen.

Censtitution of Pentane-Insoluble }iaterial. The compositien of the pertane-
insoluble fractions (fig. 3) shcwed trends similar %o thoss of the resin fractions,
In general, oxygen, hydrogen, and sulfur contents desreased with increase in
temperature of extraction, while nitrogen contents increased wita temperature of
extraction. The same general conclusions concerning hetero structures can oe made
for the pentane-insoluble material as were made for ths resin fractions in the pre-
ceding section., There was, nowever, one difference in that the loss of oxygen
fron the pentane-insoluble material occurred tetween 200° to 350° C. compared 1o
300° to 350° C. for the resin fraction.. This suggested differences in ithe type of
oxyzenated structures present in the two materials, Also, the pentane-insolubls
material produced at nigher temperaturss appeared to contain less hydrogen and
more nitrogen than the resins. The molecular weights of the pentare-insoluble
naterial ranged from 1210 to 1320 and showsd no relationship to temperaturs of
extraction,. :

Oxidation of the 350° C. pentane-insoluble material in a mamner similar to
that used for resins showed that 259 of this fracticn was resistant to oxication
compared to 70 to 90% for resins, oils, and waxes and only 5% for kercgen. Tnis
showed that the pentane-insoluble fraction contained less structures which were
resistant to oxidation than the o0il, wax, or resin fractions, About 407 of the
pentane~insoluble material was oxidized to non-volatile non-oxalic acid compared
to 1% for kerogen, 9% for resins, 17% for oil, and 0F for waxes. This suggested
the presence of benzenoid acids that may have teen derived from benzenoid struc—
tures present in the pentane-insoluble material. These structures probadbly were
not in the kerogen as such but were formed during the thermal solution by dehydro-—
genation of partly unsaturated cyclic structures present in kerogen.

A comparable reduction test to that used for the resin fraction was made on
the pentane-~insoluble material. Approximately 25% of the material was reduced %o
0il, wax, and resins and 75% remained unchanged. These data showed that the
pentane~insoluble material contained approximately 25% structures similar to oils,
waxes, and resins.

Infrared spectra of the pentane-insoluble fraction indicated the presence of
hydroxyl, carboxyl, and aromatic groups., The structure appeared to be predominantly
cyclic but may contain considerable chain branching end substitution at the higher
temperatures of extraction.

Basic nitrogen determinations on_the pentane-insoluble fractions showed that
the ratio of basic nitrogen to total nitrogen ranged from 0.29 +o 0,356 and was not
related to the temperature of extraction, Therefore, the amount of neutral nitrogen
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ranged from 54 to 718 of the total nitrogen and was slightly higher than that
present in the resin fractions.

SUKELARY AD CONCLUSIONS

Based upon the weight-percent of total extract obtained at constant periods
of extraction time, the amount of wav and pentane-inscluble material increased with
increase in temperature of extraction, the percentage of resins decreased with in-
crease in temperature, and the percentage of oil remazired nearly the same. At
ccnstant temperature of extraction (350° C.), the percentage of pentaneg-insoluble
naterial decreased with increase in time of extractionyand the percentage of oil,
wax, and resins increased with increase in the period of extraction.

. The elemental composition,of the oil and wax produced over the temperaturs
range remained nearly the same. By contrast, the composition of the resin and
ventane~insoluole fractions depended upon temperature of extraction; however, no
correlation was established between the composition of extracts and the increased
rate of cernversion to degradation products obtained at about 275° C. Oxygen con-
tent of the resin and pentane-insoluole fractions decreased with. increase in
terperature of extracticn and indicated that oxyzen structures present in kerogen
are readily degraded., Mitrogen content of the resin and pentane-~insoluole frac-
tions increased with increase in temperature of extraction and indicated that
nitrogen structures present in kerogen are gquite stable and are not readily made
scluole, ilthough differences were found in.the composition of the extract frac-
ticus, the average molecular weights of the oil, wax, resin, and pentane-insoluble

fractions did not change appreciabvly with increase in temperature of extractiou.

. &t 350° C. kerogen was degraded to approximztely 10 to 15% straight-chain
paraffins containing 25 to 30 carbon atems, 20 to 25% naphthenic and 10 to 15%
a tic structures having an average of 3 to 5 rings per molecule, and LS to 60%
heterocyclic material. These materials are probably representative of structures
present in the original kerogen and suggest that kerogen is predominantly a
heterocyclic material connected to or associated with smallsr amounts of hydro-
carvon material consisting of straight-chain, cyclic paraffin, and aromatic
ErCups «
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Solvent Refining of Low Temperature Tar
With Paraffinic Solvents

M, D. Kulik and M. B. Neuworth

/
CONSOLIDATION COAL COMPANY
Research and Development Division
Library, Pennsylvenia

Commercial refining of coal tar 1s based on a primary separation
involving either atmospheric or vacuum distillation., The taxr is separated
into a distillate fraction and & non-volatile pitch fraction. The high
molecular welght character and thermal instability of most tars limits the
smount of distillate from 50 to 60% of the raw tar., These factors have
influenced the utilization of tar to a considerable extent.

Solvent refining of tar is of lnterest as an alternate primary
fractionation method since it might overcome the major limitations of the
distillation process. The temperatures required for solvent refining are
usually considerably lower than the maximum temperatures reached in dis-
tillation and consequently less destructive to the thermally sensitive tar
components. In addition, separations based on chemical structure can bte
effected depending on the choice of solvent.

Low temperature coal tar is composed of an extremely broad and
complex mixture of tar acids, nitrogen bases, sulfur compounds, neutral
hydrocarbons in various degrees of unsaturation or cyclizetion end hetero-
cyclic structures. It was therefore of interest to determine what separations
were possible by solvent refining.

The results of earlier investigators on solvent refining of coal
tars cen be divided into two categories d?Een ng on the class of solvent
used. Extractions carried out by Sinnatt with polar solvents including
methanol, ethanol, pyridine, etc., resulted in essentially complete solu-
bility of the tar. Extraction of ?as with paraff%n ¢ hydrocarbons, pentane
t0 decene, carried out by Jacobsen 3) and Weindel {4} resulted in the solution
of 40 to 604 of the tar. There have been no studies reported on the refining
of raw low temperature coal tar with low boiling paraffinic hydrocarbons under
pressure which would permit an evaluation of the important extraction vari-
ables.

Kuhn(s) examined the propane refining of a pentane extract from
high temperature tar. This extract represented 38% of the raw tar. At ex-
traction temperatures of from 30 to 90°C ylelds of propane extract varied
from 5 to 72% of the pentane soluble tar. Tae yleld of extract was es-
sentially independent of temperature varying directly with the solvent ratio.
The separation effected by propane sppeared to be principally on the basis
of molecular weight. In addition, oxygen, nitrogen and sulfur containing
compounds concentrated in the propane reject.
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In our investigation, a study wvas made of single-stage batch ex-
traction of l1ow temperature cosl tar with paraffinic solvents from propane
through hexsne. An apparatus was designed in which extraction of tar or
tar fractions could be made over a wide range of temperatures and which
permitted precise material balances. The effect of solveni molecular veight,
solvent structure, solvent ratio and extraction temperature has been cor-
related with the yield and composition of extract and raffinate tars.

EXPERIMENTAL

The extraction apparatus consisted of a 2-liter capacity Parr

stirred autoclave modified as shown in Figure 1. The bottom of the bomb
vas equipped with a 1/b-inch stainless steel valve and drailn tube to pro-
vide bottom withdrawal of the liquid coatents, This permitted the reactor
to be used as a pressure separatory funnel. An autcclave skin thermocouple
was employed in addition to the inner thermocouple to prevent excessive
bomb surface temperature which might polymerize the thermally sensitiva
tar components. To keep the viscous piteh fluid and mobile, the drain tube
wzs provided with & nichrome heating element. This tube extended into a
round bottom blask which served as the product receiver and flash still.
A wvater-cooled condensing system followed by a dry ice trap condensed the
flash distilled solvents. Propane, butane and pentane were charged to the
reactor from the transfer bomd by nitrogen pressure. Recovery of the more
volatile solvents vas measured by the wet test gas meter.

The autoclave was charged with 250 to 600 gms of filtered Disco
tar which contained 2.0% moisture. The tar volume was calculated as moisture-
free with a specific gravity at 25/25"0 of 1.100. The amount of solvent to
be added was computed, the required amount volumetrically measured, wveighed
and chilled to -20°C to minimize solvent loss irn transfer to the opened
autoclave. However, the more volatile solvents, propane, butane and pentane,
were charged to the assembled reactor quantitatively by weight difference
from the nitrogen pressurized transfer bomb. After the reactor vas sealed,
the inner bomb temperature was brought to the desired level in spproximately
one hour and the temperature held constant during agitation for 15 minutes.
Separation of the phases by gravity settling was allowed for 1/2 bour. The
lower phase (pitch or raffinate phase) was drawn off through the heated
drain tube and appeared as a frothy gelatinous mass. The interface wes
recognized when a sudden burst of gas was emitted from the drain tube due
to the flash vaporization of the volatile solvent-rich extract phase. At
this time the gelatinous frothy nature of the draining liquid diseppeared.

For collection of the extract phase, the receiver was replaced by a clean one -

and the extract tar and flashed solvent collected separately. Further
separation of solvent from the product was done by fractional distillation.
Propane and butane recovery was measured by a wet test gas meter. Overall
material balances ranged from $8 to 100%. All solvents used vere 95% or
higher in purity except pentane which was a commercial grade of 90% purity.

DISCUSSION OF RESULTS

The yleld of extract tar is dependent upon three factors, that
is, the intrinsic solvent properties, solvent ratio and temperature. If
the temperature is maintained constant at 100°C and extract yield 1is plotted
agalnst solvent ratio, extract yleld increases wvith increased solvent boiling
point or carbon chain length as shown in Pigure 2. Thus at a solvent ratio
of 2.5 n-butane yields 42% extract, n-pentane 57% and hexane T0%.
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The branched chain solvents behave more like a lower molecular weight’
straight chain analogue, for example, the yleld of extract using isopentane,
falls between the ylelds ovserved for n-butane and n-pentane. The branched
paraffin, 2;3-dimethyl butane, in a similar comparison ylelds 62% extract, a
value between the ylelds for n-hexane and n-pentene. Thus, if the boiling
points of the solvents are plotted against extract yleld at a solvent retio
or 2.5, the relationship 1s very nearly defined by a straight line function.

At a constant temperature of 100°C a solvent ratio greater than
2.5 has very little effect upon yield. This is particularly true of the
solvents boiling above n-butane. When the hexane ratio is decreased below
2.5 the yleld of extract increases to 78% at 0.75 solvent volumes. Decreasing
the solvent ratlo further results in slow and uncertain phase separations. It
is estimated that complete solubility of the tar, that is, the plait point 1s-

- attained at a solvent ratio of 0.6. Pentane behaves in a s;milar msnner, .
. however, the plait point is somewhat lower and is estimated at a solvent ratio

of 0.5. Lowering the butane or propane solvent ratio below 2.5 results in a
reverse effect on yleld in contrast to that obtained with pentene and hexane.
The yield of extract using butane drops to 37% at a solvent ratio of 1.

The effect of temperature upon the yield of extract tar obtained
with hexane and butane is summarized in Figure 3. The higher temperature
produces a considerable increase in yleld., Thus at a solvent ratio of 2.5
the yield at 100°C of T1% is increased to 78% at 150°C. Butane in com- _
rarison exhibits the reverse effect with temperature and gives lower yields -
at the higher temperature. By raising the temperature from 100°C to 150°C
the yleld at a solvent ratio of 2.5 decreases from 44 to 43%. At a solvent
ratio of 4.5 this decrease in yield with increased temperature is even more
pronounced and drops from 51 to 44%. This decrease in yleld with butane at
the higher temperature may be attributed. to the low critical temperature of

-butane (153°C) for at 150°C butane approaches the completely gaseous state.

Hexane exbibits the more normal liquid solvent behavior because at 150°C it

is below its critical temperature of 235°C. DPentane shows the s?m effect

of temperature as hexane. Similar results were obtained by Kuhn(S/ on propane
extraction of pentane extract from high temperature tar. Kuhn showed that

the yield_of extract was directly proportional to the solvent ratio and
essentially independent of the temperature,

The efficiency and selectivity of fractionation of the tar by
the solvents was measured by the ability of the solvent to produce an ex-
tract of low asphaltene content. Asphaltenes were measured as that fraction
of the extract tar sample which was insoluble at 25°C in 120 volumes of
petroleum ether, which. had a boiling range of 30-65°C. The feed tar con-
tained 24.8% asphaltenes. Tne asphaltene contamination of the tar extract
fractions with temperature, solvent, and solvent ratio as parameters was
determined and is shown in Figure 4., Increase in extraction temperature
shows that a particular solvent became less selective as indicated by the
increased asphaltene contemination of the extract. For example, hexane at
150°C shows an extract tar asphaltene contamination of ebout 23% and only

18% at 100°C. A similar broad change is noticed with pentane and butane.

The lower the boiling point of the solvent, the greater selectivity it ex-

hibits-at a’given temperature and sclvent ratio. Thus, at 100°C, hexane is
the least selective and butane the most. -
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Increasing the solvent retio fram 1 to 2.5 produces the largest
increase in selectivity. Increasing the héexane ratio from 1 to 2.5 at 100°C 4
results in & reduction in asphaltenes from 18 to 12%. Pentene and butene
show similar changes. Increasing the solvent ratio above 2.5 produces little
change in the solvent selectivity as indicated by the relatively constant
asphaltene values. EHowever, at 150°C hexane selectivity appears to increase
as the solvent ratio is ilncreased above 2.5, ¥

Because of the economic value of low boiling tar acids in tar pro-
cessing, it was important to compare the solvents with respect to their
ability to recover the tar acids boiling to 230°C. A comparison of the. re--
covery of tar acids boiling to 230°C and the asphaltene carryover in the
extract was made for propane, butane, pentene and hexene with the extraction
temperature held constent at 100°C and the solvent ratio of 2.5, Figure 5. .
Recovery of tar acids boiling to 230°C increases with incressed carbon chain
length of the solvent. Thus, propane gives the lovest recovery, 23%, and
hexane the highest, 69%. However, the higher boiling solvent shows a poorer
selectivity by higher asphaltene carryover,

To determine if multi-stage extraction would increase the low
boiling tar acid recovery, reject pitch from the one-stage extrection was
contacted a second time with fresh solvent., The extraction was carried out
at 100°C with pentane at a solvent ratio of 2.5. By this second extraction -
the total recovery of tar acids boiling to 230°C is increased to 78.5%. It -
is estimated that 5 stages are sufficient to give recoveries better than $5%.

e

Comparison of the ultimate analyses of extracts and pitches ob-
tained at 100°C at a solvent ratld of 2.5 in Table I indicates that tke more
polar and hetero-atom compounds are preferentially rejected and concentrated
in the pitch phase. The concentration of nitrogen, oxygen and sulfur is much
lower in the extract. Compounds rich in hydrogen and the lower moleculzr
welght compounds are concentrated in the extrasct. As the molecular weight of
the solvent decreases, the selectivity for hydrogen rich components increases
as evidenced by the increase in hydrogen content of the extracts. The selec~-
tivity for rejecting sulfur compounds is independent of solvent molecular ¢
weight,

Comparison of some of the properties of the extracts and rejects
in Table II further shows the type of tar fractionation erffected by the
solvents. The extracts consist of the lower gravity, the higher hydrogen
carbon ratio and lower viscosity tar ccmponents, that is, the lower molecular
weight compounds. 1In passing from propene to hexene, each successively
higher boiling solvent is fractionating the tar at some higher molecular
weight cut point. This is borne out by the progressively increasing extract
viscosity and increased softening point of the reject fraction.

A comparison of the fractional distillation analyses of the ex-
tracts shown in Figure 6 indicates that the solvents are fractionating the
tar not only with respect to functional group components but also witia respect
to molecular weight or distillation cut point. As the carbon chain length of
the solvent is increased, the distillation (analysis) of the extract approaches
that of the feed tar. Thus, propane extract contains the least pitch (+350°C)
and. hexane extract the most. Since the amount of each distillate fraction
-boiling below the pitch fraction is greater than the corresponding feed tar
fraction, it is indicative that solvent fractionation resembles fractional
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distillation; however, the cut point corresponds to & higher temperature
than obtainable by conventional fractional distillation. This cut point
varies with the intrinsic solvent nature and increagses with the increased
boiling point of the psraffinic solvent employed. Thus,; butane exhibits
a higher cut point with respect to distillation than propane. Pentane is .
higher than butane, and the branched chain solvents behave more like the
lower molecular weight straight chain analogues.

SUMMARY

1. An apparatus ves designed vhich permitted extraction of a
viscous tar with paraffinic hydrocarbon solvents over a range of tem-
peratures with accurate phase separations and material balances.

2. Solvent ratios higher than 2.5 did not sppreciably increase
the yleld of extract or extraction selectivity with sclvents boiling above
n-butane. Propane and n-butane differed from the higher boiling solvents
in that yield of extract was proportional to the solvent and these solvents
exhibited the higheat selectivity.

3. 8olvents boiling ebove n-butane showed higher ylelds but
lover selectivity upon increasing the temperature. Normal butane ex-
tractions showed very little effect of temperature,

k., Extraction of lov temperature tar was comparable to dis-
tillation in that, the higher molecular weight, higher boiling compounds
vere preferentially separated as a reject phase.

5. The depth of extraction, comparable to distillation cut
point, was dependent upon the boiling point of the solvent employed. The
higher the boiling point of the solvent the deeper was the cut point. The
depth of extraction obtainable by solvents vas at a higher molecular weight
level than possible by conventional distillation.

6. High recovery of low boiling tar acids should be possible
in a multi-stage extractor.
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Not for Publication
Presented Before the Division of Gas and Fuel Chemistry
American Chemical Society
Boston, Massachusetts, Meeting, April 5-~10, 1959

GAS-LIQUID CHROMATOGRAPHIC ANALYSIS OF AROMATIC HYDROCARBONS
BOILING UP TO 218°C. IN A LOW-TEMPERATURE COAL TAR

Ta=Chuang Lo Chang and Clarence Karr, Jr.
: Low=Temperature Tar Laboratory
Bureau of Mines
U. S. Department of the Interior
Morgantown, W, Va,

INTRODUCTION

) Detailed analysis of IOWHtemperatﬁre coal tar will lead to a clearer
understanding of the chemical structure of the tar and thus help both in the study
of the mechanism of carbonization and the development of uses for the tar.

As a part of a broad low-temperature coal tar characterization program,
this paper presents the results of analysis of the aromatic hydrocarbons, boiling
up to 218°., which are present in the neutral oil portion of a low-temperature
bituminous coal tar.

Previously only 28 aromatic hydrocarbons boiling between 80 - 218°C.
were found in low~temperature bituminous coal tars by means of older analytical
techniquesls2;3,4, In 1956 Grant and Vaughan5 described the gas-~liquid chromato-
graphic analysis of aromatic hydrocarbons in coal tar naphthas, and identified
benzofuran, an unspecified methyl styrene and six other aromatic hydrocarbons
boiling up to 178°C. in two low-temperature coal tars; of these, only the methyl
styrene was not previously reported.

In the present work, gas-liquid chromatography, together with other
modern techniques, was used for analysis, and 52 aromatic hydrocarbons boiling
up to 218°C. were found in a low-temperature bituminous coal tar, and their quane
tities determined. :

A correlation was established between relative retention and boiling
points for some alkyl benzenes, whereby the identification of several other aro=-
matic hydrocarbons was made possible,

Besides indans, benzofurans, and indenes, the aromatic hydrocarbons

“identified are methylated, ethylated, or propylated benzenes. Up to the present

time, no butyl benzenes have been found in this particular tar.

Of the 52 compounds found, 27 had not been previously reported to be
present in a low-temperature bituminous cecal tar.

Another phase of the work concerning the analysis of higher boiling aro-
matic hydrocarbons such as biphenyls and alkyl naphthalenes, of which several have
already been identified in this laboratory, is being completed and the results
will be reported at a later date.



26~

I. Preparation of Aromatic Hydrocarbon Concentrates from the Coal Tar for Gas-—
ILiquid Chromatography .

Iscglation of neutral oil from tar distillate

. The tar used in this work was made from a West Virginia, Pittsburgh-seam,
high-volatile bitumincus coal in a fluidized carbonization pilot plant at about
480-510°C. The raw tar was de-ashed, dehydrated, and topped to about 175°C. at the
plant. ' The tar distillate had been obtained in this laboratory under very mild
temperature cenditions calculated to be equivalent to about 350~360°C. at atmos=-

pheric pressure with a yield of 20.8 weight percent of the tar in the main distil-
late and less than 1 percemt collected in a dry ice trap.

About three liters (2660 g.) of the main distillate were extracted
according to the method of Fisher and Eisner® to remove tar acids and tar bases.
The neutral oil thus obtained was washed three times with an equal volume of water.
After passing it through a filtér made of three layers of filter paper on a funnel,
the o0il was dried in a desiccator over anhydrous calcium chloride for a week.

About 2400 ml. (2180 g.) of dry neutral oil, corresponding to 82% by weight of the
distillate and 16.9% by weight of the tar, was obtained.

Fractional distillation of the neutral oil P
A 698 g. charge of the neutral oil was fractionally distilled in a Pod-.
bielniak Hyper-Cal high-temperature a.utomat:.c distillation apparatus. The column
was 8 mm. by 36 inches and was packed with Heli~Grid Packing. The end point chosen
for this distillation was a pot temperature of 200°C, to avoid any significant
thermal alterations. The results of this distillation are given in Table I.
Equivalent atmospheric. boiling points were estimated from a standard nomograph.

Sgpgatioh of the neutral oil fractions into chemical types by displacement
chromatography -

The silica gel adsorption method based on displacement chromatographic
techniques which have been applied to petroleum distillates’ and shale-oil
na.phthas was adapted for separating the arcmatic hydrocarbons from saturates and
unsaturatea.

The columm chosen for this work consisted of an upﬁer section 22 cm. long
and 10 mm.. I.D. and a lower section 138 cm. long and 3 mm. I.D. The entire column
was Jacketed to provide water for cooling or heating as fequired. :

The column was packed with Davison Grade 950 silica gel, 60-200 mesh,
which had been freshly activated at 160°C. for four Hours just before packing.
About 26 g. of silica gel were needed for the colum. A fresh batch of silica gel
was used for each rum. - .

The sample was charged to the column,’ i:si.ng about 3 p.s.i.g. oxygen=free
nitrogen pressure. The desorbents selected were two different alcohols, the choice
being made on.the basis of the relative kinematic viscosities of the sample and the
alcohol. An alcohol could be selected for each fraction so that its viscosity
would be somswhat greater than that of the fraction. . The alcohols were also chosen
for desorbents on the basis of m:l.scibility with the samples, and ease of removal
from the last portions of the charge desorbed.  After the sample was charged to the

colum, it was followed immedia.tely by the desorbent with about 10 p.s.i.g. nitrogen
pressure. )
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TABLE I

FRACTIONATION OF NEUTRAL oﬁs IN PODBIELNIAK STILL

Fraction
no.

BRERERRRLFEREBvwawcwrwor

BRYREPE

- Cha.f'g'_é:

Distillate:
Residue:

Head temp.,
%C., 50 mm.

7705 - 87-5
87.5 - 94.0
94.0 = 101.4
101.4 ~ 104.3
104.3 - 109.0
109.0 - 114.5
ul_luo5 " ]_18.3
118.3 - 121.8
121.8 = 124.2
121;.2 - 12605
126.5 - 130.9
33009 - 332-
332-9 - l3’+.2
134.2 - 137.3
137-3 - 139-9
139.9 = 141.5
LUl.5 - 1.9
141.9 = 5.9
145.9 = 149.4
lh9.l} - 151.6
15106 - 15305
153.5 = 155.0

. 155.0
15508 - 15708
157.8 = 158.0
158.0 = 159.9
159.9 - 162.0
162.0 = 163.0

“16.92 wt. % of the tar

260 g' = 51.6%
338 g. = 48.4%
Estimated b.p. Weight,
°C., 760 mm. Ze
163 = 180 Lo43
180 - 190 ) 3-91&
190 - 192 4.53 -
192 - 198 9.81
198 - 202 9.61
210 - 213 5\!29
213 - 220 17.88
220 - 225 14,80
225 - 230 12.78
230 - 233 18.36
233 - 235 17.11 -
235 - 236 14.13
236 ~ 240 - 1154
2,0 = 243 18.46
21!-3 - 21!-6 18081+
246 - 248 19.22
2,8 - 250 20.57
: 250 18.55
250 = 251 634
251 - 253 180‘&6
253 = 253 18.46
253 - 254 18.07
254 - 256 21.34
256 - 260 - 11.53

Total 360.00
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The operating temperature chosen for each sample depended on the meiting
points of the expected components in the fraction. If scme of them were crystal-
line at room temperature, a temperature near the melting points of the components
was used.

Fractions were obtained with an automatic fraction collector which
counted drops photoelectrically and maintained the fractions in an atmosphere of
oxygen~free nitrogen.

Usually only the very last fraction was contaminated by the desorbent.
The desorbent was removed by extracting with 80 to 90% glycerine, and the glycerine
was then removed with several water washings. The alcohol- and glycerine-free
sample was dried overnight over anhydrous calcium chloride in a partially evacuated
desiccator. The refractive index was obtained on each fraction, and by comparing
these values with literature values for pure hydrocarbons in the boiling range of
the charge, it was readily estimated where the paraffins and narhthenes, olefins,
aromatics, and neutral oxygen, nitrogen and sulfur compounds were located among the
fractions. With this technique, no sharp border lines could be expected between
two adjacent types. However, it was found that overlapping occurred only in the
very first and the very last fractions of any one type.

Since this paper covers the first six distillate fractions, boiling from
163° - 202°C., the data on displacement chromatography for only these fractions are
given in Table II. About 17 drops per displacement fraction were collected, except
for the last one, which consisted of about 50 drops.

III. Analysis of Arcmatic Hydrocarbons by Gas~-Liquid Chromatography

Apparatus and operating conditions

A Perkin-Elmer Model 154C Vapor Fractometer was used. The response range
of the recorder was 0-11 millivolts and the speed of the chart was 3.75 in./hr.
The peak areas produced by components of the sample on the chromatogram were
measured with a planimeter.

The colum for this work was made from a 15 ft. x & in. 0.D. copper tub—
ing filled with approximately 50 g. of packing made of 25% Apiezon L grease on
30-60 mesh fire brick. After packing, the column was coiled to fit into the column
chamber of the Fractometer.

The temperature chosen for the analysis was 150°C., approximately 10°C.
below the lowest boiling fraction and 50°C. below the highest bo:i_ling fraction.
Samples were injected with 10 or 50 microliter syringes. The carrier gas was
helium, admitted to the column at a pressure of 12 lb. /J.n.2, corresponding to a
flow rate of 95 ml./min. The outlet pressure was atmospheric. The voltage for the
bridge of the thermoconductivity detector was 8 volts and the most sensitive range
was used. Throughout the work, the temperature stayed within + 0,1°C, and the
carrier gas pressure and the voltage of the bridge stayed constant. .

The efficiency. of the column under these conditions, referring to
n-propylbenzene and to 1,2,3, 5tetramethylbenzene, was 3520 and 3885 theoretical
plates, respectigely, calculated by using the equation9, No., of theoretical
plates = 16(x/y)<, where y = length of peak base line (as defined), and x =
length from start of run to middle of base line section.
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Sample collecting system for gas—liquid chromatography

The original fraction collecting system for the Perkin-Elmer instrument
has a short length of 1/8 in. stainless-steel tubing leading from the detector cell
to an external syringe needle adaptor that has a 3-wWay syringe valve. This is
intended for attaching a short needle which can be inserted through a rubber serum
bottle cap at the bottom of a solvent-filled tube for washing effluent gas in order
to collect fractions. However, this type of collector was found to be unsatisfac-
tory in most cases.

A new fraction collecting system was devised, which would take advantage
of the existing needle adaptor. This involved heating the stainless-steel tubing
electrically to prevent the fractions from condensing, and using 6 inch—18 gauge
syringe needles cooled with powdered dry ice as fraction collectors. Holders for
dry ice powder were made from 110 mm. lengths of 18 mm. O.D. glass tubing, which
yere wrapped with aluminum foil and asbestos string, and plugged at one end with
)2 mm. thick cork stoppers, each having a small hole in the center for entry of the
peedles. To collect the material producing a chromatogram peak, one of the needles
was fastened to the upright needle adapter and aone of the dry ice jackets was
slipped down over the needle, the insulating cork plug resting on the hot needle
hub. The jacket was carefully packed with dry ice powder and the 3-way valve
turned to admit effluent gas to the needle. After collecting a sample, the needle
was removed, a Teflon plug inserted at the hub end and a little polyethylene tube
slipped over the needle end, and placed in a dewar flask containing dry ice. The
infrared spectrum of the sample was subsequently obtained in a 0.05 mm. or 0.1l mm.
microcell for identification of the components. The infrared microcell was filled
by inserting the needle tip into the cell and introducing a fraction of a drop of
carbon disulfide into the needle hub. However, in some instances, it was necessary
to wash out the needle with about % ml. carbon disulfide, collecting the solution
in a l-ml. beaker and carefully evaporating off solvent with a gentle stream of
nitrogen until about one drop of solution remained. This was then placed into the
microcell by capillary action, using the capillary tubing of the cell. Good infra-
red spectra were obtained with about l-mg. hydrocarbon, and, in particular, there
was no contamination from compounds producing adjacent peaks.

General approach for identification

The retention times of 42 aromatic hydrocarbons boiling in the range of
the neutral oil samples were obtained, for the purpose of preliminary identifica-
tion of the unknowns. The relative retentions at 150%C. and 200°C. of the 42
aromatics, referred to n-propylbenzene, are shown in Table III. These relative
retention values can be considered to be either relative retention times or rela-
tive retention volumes.

The aromatic fractions obtained by displacement chromatography of the
first six distillate fractions were individually examined by gas-liquid chromatog-
raphy under the same conditions for the known compounds. To confirm the identifi-
cation, the material producing each peak was collected for infrared spectrophoto—
metric analysis. Three methods were used to identify the aromatic hydrocarbons
present in the fractions.

The - first method of identification consisted of a combination of conven—
tional gas=liquid chromatography and infrared spectrophotometry. The retention
times of unknown peaks were compared with those of known compounds for a prelimi-
nary identification. The material producing each peak was then collected in a
microcell for an infrared spectrum, as previously described. The confirmation of -
identity was then made by comparing this spectrum with that of the known compound.
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TABLE IIT

LITERATURE BOILING POINTS, RELATIVE RETENTIONS AND CALIBRATION
FACTORS (fc) OF SCME AROMATIC HYDROCARBONS

Literature
beps  “Co,

Compound 760 mm.2
Methylbenzene 110.626
Ethylbenzene 136.186
1,4~Dimethylbenzene 138.351
1,3-Dimethylbenzene 139.104
1,2-Dimethylbenzene Uyl 11
Isopropylbenzene 152.392
n—Propylbenzene 159.217
1-Methyl-3-ethylbenzene 161.305
1-Methyl-4=~ethylbenzene 161.989
1-Methyl~2-ethylbenzene 165,153
1,3, 5~Trimethylbenzene 164.716
1,2,4~Trimethylbenzene 169.351
1,2,3-Trimethylbenzene 176.08,
Indan 177.82
Isobutylbenzene 172.759
sec—-Butylbenzene 173.305
n-Butylbenzene 183.27
1~-Methyl=-3~isopropylbenzene 175.14
1-Methyl-4-isopropylbenzene 177.10
1-Methyl-~2-isopropylbenzene 178.15
1-Methyl=3-n~propylbenzene 181.80
1-Methyl~4~n—propylbenzene 183.30
1-Methyl=~2-n-propylbenzene 184.80
1,3-Diethylbenzene 181.102
1,2-Diethylbenzene 183.423
1,4-Diethylbenzene 183.752
1,3-~Dimethyl-5-ethylbenzene 183.75
1,2,4,5-Tetramethylbenzene 196.80
1,2,3,5-Tetramethylbenzene 198.00

Indene

182.44

RelativeP
retention

(150°C.)

0.36
0.62
0.67
0.68
0.77
0.83
1.00
1.06
1.09
1.21
1.19
1.38
1.67
1.82
1.33
1.34
1.77
1.39
1.8
1.58
1.71
1.76
1.90
1.62
1.81
1.79
1.82
2.77
2.87
1.92

£
glgggc.f
1.02
0.95
0.98
1.00
1.01
1.02
1.00
1.01
1.08
1.06
1.08
1.03
1.04
1.65
1.07
1.08
1.04
1.07
1.04
0.94
1.03
1.03
1.07
. 1.00
1.06
1.03
1.09
0.93
1.06
1.10

. Relativeb
retention
(200°c.)

0.48
0.6
0.70
0.71
0.82
0,86
1.00
1.06
1.17
1.13
1.29
1.52
1.69
1.26
1.27
1.56
1.27
1.35
1.42
1.51
1.58
1.67
145
1.60
1.58
1.59
2.28
1233
1.80
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(Table IIT Continued)

Iiterature Relative?
b.pe ., retention fe
Compound 760_mm,d (150°C.) (150°c.)°¢

1-Methylindene 199 2.22 1.20
2-Methylindene 208 3.8 1.15
1-Methyl-3, 5~diethylbenzene 200.70 2.68 .11
1,2,3,4-Tetrahydronaphthalene 207.57 3.8, 2.05
1,4~Diisopropylbenzene 208.9 3 .26 -
1,2~Diisopropylbenzene 209 3.06 -
Benzofuran 171.38 1.35 1.15
Naphthalene 217,96 4,68 1.4
1,3, 5~Triethylbenzene 216.2 3.87 —
Pentamethylbenzene 231.8 7.08 —
B -Methylstyrene (trans) 178.26 1.64 1.09
a. ~Methylstyrene 165.5 1.22 .11
1, 4=Dimethyl-2-ethylbenzene 186.91 2.048 -
1,2-Dimethyl~l-ethylbenzene 189.75 2.17d —
1-Methylindan 190.6 2.304 -
1,2-Dimethyl-3-ethylbenzene 193.91 2.508 -
5-Methylindan 202.0 3.25¢ -
1-Methyl-3,4~diethylbenzene 203.6 3.00d -
L-Methylindan 205.5 364 -
1,2,3,4=Tetramethylbenzene 205.04 3489 -
3-Methylindene 205 3.504 -

1?.ela.'c.iveb

retention

(200°¢..)
1.98
2.96
2.1,
3.13
2.49
2.51
1.33 -
3.51 -
1.13
L.87
1.47
1.1,
1.73¢
1.894
1.99¢
2.064
2.674
2.814
2.814
2.824

A1l values, except for benzofuran, from API Research Project 44, nSelected

Values of Properties of Hydrocarbons and Related Compounds,™ Carnegie Institute
of Technology, Pittsburgh, Pa. Benzofuran b.p. from J. N. Breston and A. W.
Gauger, Proc. Am. Gas Assoc., 28 (1946) 492.

Dead volume corrected.

-Defined in eq. 1.

identified by I.R.

The relative retentions of these compounds were determined from tar components
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Retention times could not, of course, be obtained for those compounds for
which authentic specimens were not available. A second method of identification
Was used for these compounds which involved the correlation curves of relative
retentions and boiling points shown in Fig. 2 and explained in detail in a later
section., Boiling points of the unknowns producing peaks were obtained from their
relative retentions by these correlation curves, and were used as a preliminary
means of identification. Since literature infrared spectra of a number of com~
pounds werse available, confirmation could be made in these instances.

For a third group of compounds, neither the retention times nor the infra-<

.red spectra of authentic specimens were available. However, from the correlation

curves and the relative retentions of the unknown peaks, tentative identification
could be made through the boiling points. Also by correlating infrared absorption
bands and molecular structures, these tentative identities could be further
substantiated.

To illustrate the first and second methods of identification, the chro=
matogram of a typical fraction is shown in Fig. 1, and the boiling points of the
components producing the peaks, as obtained from the correlation curves, are pre-
sented in Table IV. Excellent agreement is shown between literature and predicted
boiling points. The peak numbers in Fig. 1 are explained in Table IJ., This
chromatogram was produced by a 10s#1. sample of an aromatic cut of n%o = 1.5074,
from distillate fraction no. 5 in a boiling range of 192-198°C.

TABLE IV

IDENTIFICATION OF COMPONENTS PRODUCING ELUTION PEAKS IN THE GIC
OF AN AROMATIC CUT FRQM DISTILIATE FRACTION NO. 5

Relative Boili int, °C,
retention From .
Peak Relative o o of known Litera= correlation
no. retention Compound identified compound ture curve
1 1 n-Propylbenzene (added 1 159.2 159.2
standard)
2 1.69 1-~-Methyl=3-n-propylbenzene 1.7 181.8 181.3
3 1.82 1,3~Dimethyl=5-ethylbenzene 1.82 183.8 18345
A 1.89 1-Methyl=-2-n-propylbenzene . 1,90 184.8 184.8
5 2.02 1, 4-Dimethyl-2-ethylbenzene #* 186.9 186.9
6 2.16 1,2-Dimethyl-4~ethylbenzene * 189.8 189.1
7 2.29 1~Methylindan # 190.6 191.0
8 2.46 1,2-Dimethyl=-3~ethylbenzene #* 193.9 193.5
9 2.65 1-Methyl-3, 5~diethylbenzene 2.68 200.7 200.7
10 2.79 1,2,4, >=Tetramethylbenzene 2.77 196.8 197.3
11 2.86 1,2,3, 5~Tetramethylbenzene 2.87 198.0 198.2
12 3.00 1-Methyl~3,,~diethylbenzene * 203.6 204,42
13 3.25 5-Methylindan * 202.0 202.3
A 345 l=~Methylindan * 205.5 = 204.3 .

# Authentic specimens not available for determination of retention times.
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. Peak 1 is produced by n—-propylbenzene, the internal standard, added to
the cut for quantitative estimation of the components. The components producing
peaks 2, 3, 4, 9, 10 and 11 were identified by comparing the retention times with
those of known compounds., The components producing peaks 5, 6, 7, 8, 12, 13 and 14
were identified through their boiling points, obtained from their relative reten-. -
tion and the correlation curves. To confirm the identities, a 25scl.-~sample was
used to produce enough material for each major peak for infrared spectrophotometric
analysis. However, the minor ones, such as 4, 8, 9 and 12, -were better confirmed

-by the infrared spectra of the material producing the corresponding»peaks in the

chromatogram of an adjacent aromatic cut.

Table V illustrates the third method of identification. It is to be
noted that the identities of three compounds were further substantiated by con-
sidering the infrared absorptign bands and probable molecular structures according
to the correlations of Bell . Two compounds were present in the last two dis-
tillate fractions (no. 5 and ne. 6) in such small quantities that no satisfactory
infrared spectra were obtained. Infrared spectra were obtained, however, for the
components producing all the significant chromatogram peaks. It was observed that
only a few weak absorption bands were unaccounted for by the compounds identified.
The relative intensities of these bands were such that these unknown components
could have been present in only trace amounts. :

Quantitative estimation of aromatic hydrocarbons

The internal standard method was adapted for quantitative analysis of the
samples, n-propylbenzene being selected as the standard. Keulemans, Kwantes and
Rijnders*+ have demonstrated the use of an average ‘calibration factor, fo, defined
as follows, for calibrating areas and percentages for a component, and an internal
standard for obtaiming precise quantitative analysis of light hydrocarbons:

o = ASW5/1cws 1)

where Ag and A, are the areas for the internal standard and component in the mix-—
ture, and W, and Wg are the weight percentages of the component and the standard.

In order to investigate the deviation of the average calibration factors
of aromatic hydrocarbons from the actual values in a certain range of concentra-
tions, eight pure compounds, namely, l-methyl-3-ethylbenzene, 1,3,5~trimethyl-
benzene, indan, 1,3-diethylbenzene, indene, 1,3-dimethyl-5-ethylbenzene, 1,2,3,5~
tetramethylbenzene, and 1,2,3;4-tetrahydronaphthalene, were used. Three solutions
of each compound in different concentrations, about 15%, 30%, and 60% by weight,
were prepared in n-propylbenzene. Using these 24 solutions, the f; values were
then calculated from the weight percentages and the peak areas produced by the comw
ponents in their chromatograms. It was found that the average fc in the concen-
tration range of 15-60% by weight had a maximum deviation of only about 2 3% from
the actual values, and the best results were obtained at concentration ranges of
30-60%. This is considered accurate enough for estimating the amounts of aromatic
components present in such a complex mixture as coal tar. The.f, values for the
rest of the aromatic hydrocarbons were determined only once at 150°C. at a concenw
tration of 40-50%. These f; values are shown in Table ITI and were used to deter~
mine the weight percentages of all aromatic hydrocarbons in the fractions. For
those compounds which were not available in this laboratory but found to be present
in the sample, the fg value of its isomers or of a structurally similar compound
was used, : i : i ‘ .

3

Two synthetic blends were analyzed by using‘these fo values and the
results are shown in Table VI. ’
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TABLE VI
ANALYSIS OF SYNTHETIC BLENDS

Relative Wt. % Wt. % found

Blend B Component, retention present Run 1l Run 2 Run 3
A Isopropylbenzene 0.82 10.28 10.31  10.47 10.77
n~Propylbenzene 1.00 11..67 -— - — -
1,3, 5~Trimethylbenzene 1.29 12.93 12.91 12.82 12.61
1-}ethyl~2-isopropylbenzene 1.5 12.62 2.1 12,16 12.54
Indan 1.82 19.07 18.08 18.60 18.34
Indene 2192 .71 15.03 15.05 14,67
1,2,3,5-Tetramethylbenzene = 2.88 18,72 19.16  19.19 ' 18.66
Total , 100.00  99.30  99.96  99.26
B n-Propylbenzene 1.00 1he64 — — —
sec~Butylbenzene 1.35 18.14 17.62. 17.42 -—
1-Methyl-i~isopropylbenzene 1.48 15.23 1491 14,97 —
1-Methyl=3-n-propylbenzene 1.72 17.07 16.97 17.09 —
1,3-Dimethyl-5—~ethylbenzene - 1.8, 21.37 21.28 21.5 -
1-Methylindene 2.23 13.64 13.54 13.76 -

For analyzing the components in the sample, a certain amount of the
internal standard, n-propylbenzene, roughly 15% by weight, was added to each of the
sample fractions so that the peak area of the standard was approximately equal to
that of the major pesks. A new chromatogram of each fraction, after the addition
of the standard, was then made. The percentage of each component was then calcu-
lated by using equation (1). In the few instances of unresolved components, con=
ventional quantitative infrared analysis was used.

The aromatic hydrocarbons found in the low-temperature bituminous coal
tar and their quantities are presented in Table VII. The values of wt. % in neu-
tral oil for the highest boiling components are not entered, since it is expected
that more of these compounds wili be found in distillate fractions 7 and 8. -

DISCUSSION

Correlation betwezen relative retention and boiling points of alkylbenzenes having
an ecual number of carbon atoms

Desty and ’.'Jhymanl2 plotted the boiling points of a large number of low=-
boiling paraffinic hydrocarbons and a few aromatic hydrocarbons against the loga-
rithm of their relative retention volumes for two different stationary phases,
resulting in two almost straight lines for each of the solvents. These plots indi=
cate the selectivity of the two stationary phases for these two different types of
solutes and offer help in choosing a suitable solvent for the separation of these
two general types. However, no relationship between the relative rztentions and
boiling points of alkylbenzenes having an equal number of carbon atoms in the alkyl
group has ever been expressed for the purpose of identifying this type of hydro-
carbon. Uthen the logarithms of relative retention for alkylbenzenes with an equal
number of carbon atoms in the alkyl group were plotted against their boiling
points, a straight line resulted. Fig. 2 shows five such lines corresponding to
alkylbenzenes having 2, 3, 4, 5, and 6 carbon atoms in the alkyl groups. It is
interesting to see that these llnes are parallel to each other., There is a similar

correlation at 200°C.
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TABLE VII

ANAIYSIS QF INDIVIDUAL ARCMATIC HYDROCARBONS BOILING UP TO 200°C.
IN NEUTRAL OIL DISTILIATE FRACTIONS

Source
of I.R.
Method of spec~ Total
_Compounds_identified Fractions identification trum  wt.,g.

Methylbenzeneb 1,2 Rel. retention —_ 1¢
Ethylbenzeneb 1,2 Rel. retention - 2°
1,3- and 1,k-Dimethylbenzene® 1,2 Rel. retention =  9°
], 2-Dimethy1benzeneb 1,2 Rel. retention —_ 20°
Isopropylbenzeneb 1,2 Rel. retention - 79°
n—-Propylbenzeneb 1,2 Rel.retention,I.Re d 2 50°
l-Methyl-B—ethylbenzeneb 1,2 Rel.retention,I.R. e 0.010
1-Methyl-4~ethylbenzene? 1,2 Rel.retention,I.R. e 0.0098
l-Methyl—2-ethylbenzeneb l; 2- Rel.retention,I.R. e 0.,0075
1,2 ,3—Trimethylbenzeneb 1,2 Rel.retention,I.R. e 0.3105°
1,2, ~Trimethylbenzene® 1,2,3 Rel.retention,I.R. &  0.2695
1,3, 5-Trimethylbenzeneb . 1,2,3 Rel.retention,I.R. e 0.1184
1-Methyl=4-isopropylbenzene 1,2,3,4 Rel.retention,I.R. d 4 0.0596
1-Methyl=3~isopropylbenzene 1,2,3,4 Rel.retention,I.R. d 6.0 511
1-Methyl=2-isopropylbenzene 3 Rel.retention,I.R. d 0.0164
1,2-Diethylbenzene 3,4 Rel.retention,I.R. =¢. 0.0857
1,3-Diethylbenzene 3,4 Rel.retention,I.R. e 0.1009
1,4-Diethylbenzene® L Rel. retention —  0.0062
1, 2—Dimethyl—h—ethylbenzeneb 3,4,5,6 Rel. retention- e 1.8139

bep. correlation,

I.R.
1,4~Dimethyl~2-ethylbenzene 35k,5,6 Rel. retentione e 0.7698

b.p. correlation,
I.R.

Wt . %
in
neutral
0ild

Trace
Trace
Trace

Trace

Trace

0.002
0.001
0.001
0.001
0.045
0.039
0.017
0.009
0.007
0.002
0.012
0.015
0.001

0.260

0.110
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(Table VII Continued)

Fractions

1,3~Dimethyl- 5-ethylbenzeneb

1,2-Dimethyl=3-ethylbenz eneb

1-Methyl=3-n-propylbenzene
1-Methyl~2-n-propylbenzene
1,2,4, 5—Tet1jamethylbenzeneb
1,2,3, }Tetramethylbenzene

1,2,3,4=Tet ramethylbenzeneb
Indene®

3=Methylindene

Indan®

l-Methylindan

5-Methylindan

L~M¥ethylindan®

1, 3-Dimethyl~2-n-propylbenzene

1,2-Dimethyl-3-n-propylbenzene

1} 4~Dimethyl-2-n-propylbenzene

354,5,6
Ly 5,6

34,5
j .
Ly 5,6
5,6

6

112’331"
5,6
1,2,3
354,5,6
5,6

5,6

5

. 5,6

5,6

b.p. correlation,
I.R.

Rel. retention=
b.p. correlation

Rel. retention-
b.p. correlation,
‘I Re=structural
correlation

Rel. retention-
b.p. correlation,
I.Re=structural
correlation

Source
of I.R.

Method of spece
identification trum
Rel.retention,I.R. d
Rel. retention- e
b.p. correlation,

I.R.
Rel.retention,I.R. d
Rel.retention,I.B. d
Rel.retention,I.Re d
Rel.retention,I.R. d
Rel. retention- e
b.pe correlation,

I .R.
Rel.retention,I.R. e
I.R. e
Rel.retention,I.R. d
Rel. retention— £
b.p. correlation,

I.R. )

Rel. retention-. £
b.p. correlation,

I QR.

Rel. retention=- f

Total
wt. .g.

1.0872
0.5938

0.3180 .

0.0753
1.1066
1.7690
0.8852

40.2331

0.5378
0395
1.1265
1.4976
1.5988
0.0173

0.1008

04125

. 2

neutral
0il®

0.156
0.085

0.046
0,011
0.159
0.253

0.033

0.057
0.16%
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(Table VII Continued)
Source W. 3
of I.R. in
Method of spec-= Total neutral
- Compounds identified Fractions identification trum  wt.,g. oil?
1,4~Dimethyl=-2~isopropyl= 5 Rel. retention- -— 0.1151 0.017
benzene® b.p. correlation
1-Methyl-3, 5~diethylbenzene 5,6 Rel.retention,I.R. d 0.2393 0.034
1-Methyl=2,4~diethylbenzene 6 Rel, retention= ==  0.6505 -
b.p. correlation,
I.Re=structural
correlation
Styrene 1,2 I.R. g 0.0332 0,005
L=Methylstyrene 1,2 I.R. h  0.025 0.003
A ~Methylstyrene (trans) 1,2 Rel.retention,I.R. d 0.1396  0.020
3-Phenyl-l-butene 1,2 I.R. g 0.1163 0,017
1,2,3,hk-Tetrahydronaphthalene 5,6 Rel.retention,I.R. 4  0.3171 —
Naphthalene® 6 I.R. 4 0.0886 —
Benzofuran® 1,2 Rel.retention,I.R. d  0.0991 0.014
5-Methylbenzofuran 3 I.R. g
6-Methylbenzofuran 3,4 I.R. g 0.1432  0.021
2=Methylbenzofuran 4 I.R. g
3-Methylbenzofuran L I.R. g{ O-1681 0.02%
T~Methylbenzofuran 3,4 I.R. g 0.0785 0.011
2 Total neutral oil distilling up to about 360°C., representing 16.92 wt. % of the
total tar.
b Previously identified by othersl’2’3’h’5.
¢ Ratio to methylbenzene.
4 This laboratory.
€ American Petroleun Institute, Researct Project 44, infrared spectral data,
Carnegie Institute of Technology, Pittsburgh, Pa.
f Jacob Entel, Clarence H. Rouf, and H. C. Howard, Anal. Chem. 25 (1953) 1303.
€ Samel P. Sadtler & Son, Inc., Philadelphia, Pa.

h  Courtesy of W. F. Hamner, Monsanto Chemical Co., Texas City, Texa.s
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Fig. 2. Correlation between relative retentions and boiling points of
some aromatic hydrocarbons at 150°C. on Apiezon L grease.

Legend:
1 Ethylbenzene 25 1l=Methyl=)~n—~propylbenzene
2 1,,4-Pimethylbenzene - 26 n-Butylbenzene
3 1,3-Dimethylbenzene 27 1,4-Diethylbenzene
4 1,2-Dimethylbenzene 28 1,2-Diethylbenzene
5 Isopropylbenzene 29 1,3-Dimethyl-5~ethylbenzene
6 n-Propylbenzene 30 1-Methyl-2~n-propylbenzene
7 1l-Methyl~3-ethylbenzene 31 1,4~Dimethyl=2-ethylbenzene
8 1~Methyl-L-ethylbenzene 32 1,2-Dimethyl-i-ethylbenzene
9 1,3,5=Trimethylbenzene 33 1-Methylindan
10 1-pMethyl-2-ethylbenzene 34 1,2~Dimethyl-3-ethylbenzene
11 o -Methylstyrene 35 1,2,4,5Tetramethylbenzene
12 1,2,4~Trimethylbenzene 36 1,2,3,5~Tetramethylbenzene
13 1,2,3-Trimethylbenzene 37 5=Methylindan
14 Indan 38 4-Methylindan
15 Benzofuran 39 1,2,3,4~Tetramethylbenzene
16 /A ~Methylstyrene 4O 1,2,3,4-Tetrahydronaphthalene
17 Indene 41 1,3-Diethyl-5-methylbenzene
-18 Isobutylbenzene 42 2-Methylindene
19 sec=Butylbenzene 43 MNaphthalene
- 20 1-Methyl=3-isopropylbenzene 4L, Pentamethylbenzene
21 l-Methyl-4~isopropylbenzene 45 1,2-Diisopropylbenzene
22 1-Methyl-2-isopropylbenzene 46 1,4-Diisopropylbenzene
23 1,3-Diethylbenzene 47 1,3,5~Triethylbenzene
2, 1-Methyle~3-n-propylbenzene
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: Indans and tetralin, which have a benzene mucleus and a fused saturated
ring, fall closely on the correlation curves for alkylbenzenes with the correspond-
ing number of carbon atoms in the alkyl group and, therefore, are included in these
series. Indenes, styrenes, and naphthalene which have a double bond in the "side
chain,” however, do not follow the correspending curves and appear to have a dif-
ferent pattern. From the limited data obtained at present, no correlation can be
found for these types.

These correlation curves can be expressed by the following empirical
equation:

Log Vp = mI; - ¢ (2)

where Vp = relative retention of an alkyl benzene,
Tg = normal boiling point of the compound, °C.,
= slope,
¢ =Y - intercept at any temperature; 0°C. arbitrarily selected.

The slope for the set of five alkylbenzene series at 150°C. on a sta-
tionary phase of Apiezon L grease is 0.0135, and their intercepts on the vertical
axis at 0°. are 2.0496, 2.1442, 2.2154, 2.2760, and 2.3215 for alkylbenzenes with
2, 3, 4, 5, and 6 carbon atoms in the alkyl group. The values of the intercept ¢
are, of course, a measure of the separation of the five parallel lines from each
other.

The intercept ¢ in eq. 2 can be correlated with the number of carbon
atoms in the alkyl group, Ng, as shown in Fig. 3. This can be expressed as follows:

log Ng =alogc~Db : (3)

where Nc number of carbon atoms in the allgyl group,
a = slope, '
b = intercept.

‘For the curve shown in Fig. 3, a = 8.78 and b = 2.431.

From eq. 3, it is possible to generate a family of relative retention=-
boiling point curves when only one is known.

The relationship between relative retentions and boiling points of alkyl=-
benzenes was found to be very useful for characterization. TFor example, peak 6 in
the chromatogram shown in Fig. 1 has a relative retention of 2.16. By checking the
curves in Fig. 2, it was readily determined that the boiling point of this unknown
in a distillate fraction boiling at about 192-198°C. should be 189.3°C. if it is an
alkylbenzene having four carbons in the alkyl group or 193,8%C. if it has an alkyl
group of five carbon atoms. 1,2-Dimethyl-4-ethylbenzene boils at 189.79°C. and
l=methyl=3-isobutyl= and l-methyl~-3-sec-butylbenzene both boil at 194°C. The
infrared spectrum of the collected material producing this peak agreed very well
with that of 1,2-dimethyl-4-ethylbenzene.

Calibration factor (f) and type of aromatic hydrocarbon

An examination of the calibration factor, f;, data in Table IIT disclosed
that the molecular structure of the compounds plays an important role in determin-
ing the value of this factor, while within each type the variation in value is rela-
tively small. Referring to Table IIT, for all alkylbenzenes the values are from
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0. 93—1 10 with an average of nearly 1.0; for J.ndenes, styrenes, and naphthalene,
1.15, 1.1, and 1.14; and for indan and tetrahn, 1.65 and 2,05. Considering the
benzens nucleus as a common structural center for all compounds, the alkylbenzenes
are obviously in one group; styrenes, indenes, and naphthalene, which all have
wnsaturation in the other part of the molecule, form another group; indan and
tetralin, with the non-benzene part being saturated and cyclic, are different from
the other two groups, The difference between indan and tetralin is probably due
to the number of carbon atoms in the saturated cyclic part of the molecule, It is
interesting to note that benzofuran, having an unsaturated part in addition to the
benzene nucleus, has a value of 1.15, quite similar to that of the second group
although it contains an oxygen atom.

Based on this observation about the fp values and structures, fp values
for some hydrocarbons which were not available 1n this laboratory were assumed to
be equal to those of either their isomers or of structurally similar compounds.
Thus, fg, 1.09, for 1,3-dimethyl-5-ethylbenzene was used for estimation of all
dimethylethyl benzenes; 1l.11 for l-methyl-3,5-diethylbenzene for all methyldiethyl
benzenes; 1l.65 of l.ndan for all methyl indans; 1l.l15 of benzofuran for all methyl
benzofurans, and 1.00, an average value for 1,2,4,5~ and 1,2,3,5-tetramethyl-
benzene, for 1,2,3, b-tetramethylbenzene.
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Utilization of Tar from Low-Temperature Carbonization of Coal .
E. W, Lang and J. C. Lacey, Jr.
Southern Research Institute
Birmingham, Alabama

Recently-developed procésses for fluidized low-temperature carbonization
of coal promise to make available a large amount of low-cost tar in the near future,
Because of the simplicity and relatively low cost of these processes, the power
utility industry is seriously considering low-temperature carbonization as a means
of reducing the cost of the solid fuels used. One large steam-generating plant
could produce, through low-temperature carbonization of its coal, approximately
50, 000, 000 gallons of tar per year. The profitable disposition of the tar has been
the major obstacle to commercialization of low-temperature carbonization of coal
for several decades. The problem in finding outlets for the tar is difficult because
it is quite different from coke-oven tar in physical and chemical properties and
because the quantity that may be produced by several large steam-generating plants
is so large. A fair amount of work has been or is now being carried out on
determining the properties and composition of the tar (8, 10) and on developing
uses for the tar (1, 2, 3, 4, 5, 6, 7, 9, 13, 14). But very little technical infor-
mation is available from these programs. In the interests of making more
information available, we wish to present the results from a preliminary program
carried out in 1955 on the utilization of low-temperature tar.

This paper presents a summary of the work carried out at SouthernResearch
Institute to evaluate the tar produced from Alabama bituminous coal and to investi-
gate, in a preliminary manner, some methods for utilizing the tar. Also pre-
sented are the technical and economic aspects of two proposed means of processing
the tar to salable products. The program was sponsored by the Alabama Power
Company and its affiliate, Southern Services, Inc., in the interest.of finding a
means of reducing the cost of solid fuels.

Experimental Program on Utilization of Tar

This program on tar utilization was undertaken to provide a sounder basis
for evaluating the potential of low-temperature carbonization for the sponsoring
power utility. A prior program (11) for this power utility had demonstrated in a
pilot plant that agglomerating coals could be carbonized economically in a fluidized-:
bed process. For a power plant application, the cost for carbonization and non-
recoverable heat value of the original coal must be borne by the sale of the tar.

Cost estimates indicated that carbonization would be economic if the tar could be
sold for $0. 08 to $0. 10 per gallon. Disposal of the tar as a heavy liquid fuel
would not always bring this required price. Therefore, for economic disposal of
the tar, some premium values of the tar must be realized. Insufficient information
was available in the literature on processing of low-temperature tar to marketable
productS to permit economic evaluation of proposed methods of processing.
Also, the applicability of available data to the particular tar produced from
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Alabama coals was not known. Therefore, an investigatory program was carried
out (1) to evaluate in a preliminary manner vaiious means of utilizing or convert-
ing the tar from the Alabamacoals, (2) to determine approximate yields of salable
products, (3) to reveal avenues of research that might be followed, and (4) to
permit an approximate price tag to be put on the tar in terms of processing costs
and prices of marketable products. The program was not intended to develop
detailed and optimum procedures for each type of processing that was considered.
Therefore, the results from this program are not precise, and the operating con-
ditions and yields are probably not the optimum values that further/research will
provide. -

Tar Composition

Tar from the low-temperature carbonization processes is considerably
different from high-temperature coke-oven tar. Low-temperature tar has under-
gone less thermal cracking and is, therefore, less aromatic in nature. It may be
regarded as intermediate in nature between coke-oven tar and crude petroleum.
Very few chemical compounds are present in sufficient amounts to permit their
economical separation and recovery.'

The tar used in this program was produced by carbonizing America Seam
coal, a high-volatile bituminous coal from Alabama, at 950° F in a continuous
fluidized-bed carbonization pilot plant (11). The tar is quite similar in physical
and chemical properties to tars produced in other low-temperature carbonization
processes from a variety of coals.

The composition of a typical tar used in these studies is shown in Table I.
About 12% of the tar consists of low-boilers distilling below 235° C, 30% is
middle oil boiling 235° to 360° C, and 58% is accounted for by the pitch and distilla-
tion loss. . These yields are similar to those from coke-oven tar. The tar-acid
content of the low-temperature tar (about 30% of distillate) is greater than that of
high-temperature tar. The neutral oil from the distillate contains roughly 50%
aromatic hydrocarbons, 40% saturated hydrocarbons, and 10% olefinic hydrocar-
bons. Table I also shows the composition of the low boilers (distillate to 235° C),
the heavy distillate {boiling 235-360° C), and the distillate tar acids.

The pitch amounts to over 50% of the tar. It has a softening point of about
100° C after the distillables to 360° C have been removed. The pitch contains
4-10% char dust carried through the dust-collection equipment and 11-29% of the
pitch is insoluble in benzene. Commercial dust collection equipment will keep the
dust content of the pitch from a large plant at a lower level.

Light Distillate

The light distillate fraction boiling below 235° C has a much greater value
than the other fractions because approximately 30% of it consists of phenol,
cresols, and cresylic acid. Aromatics (40% of the remaining neutral oil) can be,
recovered, but the oil would be more valuable if the aromatic content of the oil
were increased, Therefore, two runs were made in a continuous bench-scale
pressure reactor using reforming conditions to study the possibility of converting
the naphthenes in the light distillate to aromatics.
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The reactions were carried out in a bench-scale continuous reactor contain-
ing 550 ml of 1/8-in. standard molybdena-alumina catalyst. The conditions of the
runs included a space velocity of 0.4, a catalyst temperature of 525° C, and a flow
of hydrogen at 370 psig.

In two runs made with neutral oils from the light distillate, the aromatics
content of the oil was increased from 38% to 65% at a yield of 71 vol-%. Nitrogen

and sulfur compounds were practically eliminated under these conditions.

Heavy Distillate

To study the possibility of converting the heavy distillate to more valuable
low-boiling compounds, the fraction of the tar boiling between 235° C and 360° C,
including the tar acids, was treated by catalytic means in both batchwise and con
tinuous runs. i

The four batchwise hydrogenation runs were made with maximum hydrogen
pressures of 3000 to 4000 psig, temperatures of 450° C to 500° C, and a molyb-
dena-alumina catalyst. After a reaction time of 1.5 hr, the yield of oil was 93
vol-%; 45% of the product boiled below 235° C, and the product contained 55% aro-
matics. The consumption of hydrogen was 5. 5% of the weight of the tar. These
runs indicated that 475° C was about the optimum temperature, and that the yields
were much lower with longer holding times and at higher temperatures.

The continuous runs were made in a bench-scale unit which had a reactor
catalyst volume of 550 ml. They were made at a temperature of 480° C, a hydro-
gen pressure of 3000 psig, and a space velocity of 0.4 to 0. 8. The catalyst was
1/8-in. pellets of molybdena alumina. Under these conditions, very little of the
aromatic compounds was hydrogenated and the desired degree of cracking to the
low -boiling compounds was accomplished. The tar acids were practically elimi-
nated under these conditions., . The results from the continuous runs were quite
similar to those from the batchwise runs. On the basis of five runs, the best yields
at these conditions were approximately 92 vol-% and the amount of the product
boiling below 235° C was 50%. The product contained 40% aromatics.

The hydrocracked oils boiling below 235° C still contained considerable
amounts of naphthenes and their conversion to aromatics via reforming was studied
in a single continuous run. The equipment and conditions were the same as used
for reforming of the low-boilers distilled from the tar, An oil yield of 74 vol-%
was obtained. The product contained 80% aromatics as compared to 44% aromatics
in the charge stock. A more complete study of reforming of hydrogenated or
hydrocracked oils from tar should demonstrate higher yields.

Neutral Heavy Distillate

It is probable that in commercial processing of the distillate oils, the tar
acids will be extracted for separate processing before the oils are catalytically
treated because such treatments destroy the tar acids. A number of continuous
runs was made with this neutral heavy distillate to. determine the effect of thermal
cracking at atmospheric pressure with and without catalyst and the effect of a low-
pressure reforming-cracking reaction. The neutral heavy distillate used for these
runs was the fraction of the total tar boiling from 235° C to 360° C after the tar




18-

acids were extracted with caustic washing. Under the best conditions, the heavy
oil was cracked in a single pass to products of which 40% boiled below 235° C and
which had high aromatic contents of 75% to 80% at a yield of 75 vol-%.

Thermal cracking runs on the neutral distillate made without a catalyst at
600° C and at atmospheric pressure resulted in yields of approximately 80 vol-%.
Only about 17% of the product boiled below 235° C. Another series of runs was
made using moelybdenum sulfide-alumina catalyst and hydrogen at atmospheric

pressure at a space velocity of 1. 0. At a temperature of 640° C, the yield was 55%,

and the product contained 77% aromatics and 22% of oils boiling below 235° C. At
a lower catalyst temperature of 520° C, the yield was 87%, but the product con-
tained only 16% of oils boiling below 235° C. These runs indicated that satisfactory
yields of cracked products can be obtained only when a catalyst and sufficient
hydrogen pressures are used to prevent cracking from proceeding too far.

A series of runs on the neutral heavy distillate was then made using hydro-
cracking-reforming conditions of 500 to 750 psig hydrogen pressure and tempera-
tures of 480 to 550° C. The previous runs with total heavy distillate showed that
fair yields of aromatics boiling below 235° C could be obtained by first hydrocrack-
ing the oils to low-boiling oils and then reforming the low-boilers to aromatics.
This present series was made under conditions that combined those of the previous
two-step treatment. A fairly high temperature was selected to give sufficient
cracking and dehydrogenation and a moderate hydrogen pressure was selected to
prevent over-cracking of the compounds so that good liquid yields would be
obtained. The selection of these conditions was based partlally upon a series of
batch reactions with heavy distillate.

With the use of a molybdena-zlumina catalyst at about 480° C, a hydrogen
pressure of 750 psig, and a space velocity of 1.0, yields were 75-91 vol-%. The
product contained 73-80% aromatics and 40% boiled below 235° C. With a tempera-
ture of 550° C, hydrogen pressure of 500 psig, and a space velocity of 0.4, the
yield was 74 vol-%, the product contained 79% aromatics, and 46% of the product
boiled below 235° C. In a commercial operation, the oils boiling above 235° C
would probably be recycled to the reaction so that only low-boilers would be pro-
duced., One run was made to determine the effect of recycling the high-boiling oil.
The yield of product was 66 vol-%. The product contained 93% aromatics and 26%
boiled below 235° C

The combined reformate boiling below 235° C from the primary run and the
recycle runs was carefully fractionated and the aromatics in each fraction
determined. This analysis indicated that the combined chemical oil contained 4%
benzene, 8% toluene, 10% xylenes, 16% naphthalene, 30% substituted benzenes, and
32% saturated hydrocarbons.

Tar Acids

As shown by the typical analysis in Table I, approximately 40% of the tar
acids from the total distillate consists of phenol, cresols, and xylenols. About
60% consists of high-boiling, highly-substituted alkyl phenols for which there
is little demand at the present. The research program has shown that the tar-acid
fraction boiling from 170-to 235° C (including xylenols) will form hard thermo-
setting resins with formaldehyde. The removal of small amounts of impurities
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from individual tar acids appears to be a major problem.

One means of utilizing the tar acids is to convert the higher-boiling ones
which have little value to the simpler, more valuable low-boiling phenolics. The
hydrocracking of these high-boiling tar acids was studied in five batchwise runs
with a molybdena-alumina catalyst in the presence of water. Tar acids boiling
from 235 to 360° C were hydrocracked at a temperature of 420° C, in the presence
of 10% addition of water, and a hydrogen pressure of 2600 psig. The yield was
92 vol-%, The product contained 82% tar acids and 23% oils boiling below 235° C,
The tar acids boiling in the intermediate range of 235 to 300° C were hydrocracked
at 460° C and 2100 psig hydrogen pressure to give a yield of 90 vol-%. The product
contained 50% tar acids and 53% boiled below 235° €. Hydrocracking of the heavy
tar acids boiling at 300-360° C resulted in a yield of 84 vol-%.. The product con-
tained 50% tar acids, and only 23% of the product boiled below 235° C, Additional
runs with this fraction were made in which nitrogen replaced some of the hydrogen
in an attempt to limit the hydrogenation of the hydroxyl groups and yet provide
sufficient pressure to suppress the cracking to gases. These runs gave rather low
yields of oils and a large amount of coking.

Pitch

Approximately one half of the tar consists of hard pitch. Therefore, no plan
for conversion of the tar will be successful unless attractive markets or methods
of conversion for the pitch are found. The pitch might be sold in the large-volume
markets of road asphalt or pitch, roofing pitch, electrode binder pitch, or for a
premium fuel in open-hearth furnaces of steel mills, The pitch might also be
converted to pitch coke or hydrogenated to give more of the low-boiling chemical
oil. Preliminary investigations were made for adapting the pitch to these various
outlets. Additional work on making the pitch more stable to weather is needed if it
is considered for uses such as road and roofing pitch.

Experiments showed that the specifications for highway road-tar primer
could be met by blending high-boiling neutral oil with pitch. However, this method
would use up more of the heavy distillate than pitch and would degrade the value of
the distillate used to road-tar price.

Electrode binder pitch must contain at least 20% of so-called "beta resin"
which is that portion soluble in quinoline, but insoluble in benzene. Normally,
low -temperature tar pitch has a very small amount of this beta resin. A series of
experiments demonstrated that the beta-resin content of the pitch could be
increased to the range of 30 to 50% in yields greater than 95% by air-blowing at
250° C. No catalyst was used in any of the runs. This air-blown pitch meets most
specifications for electrode binder pitch, but its utility for this purpose needs to be
tested.

Coking of the pitch was studied in five batchwise retort runs made at 700° C.
The average yield of coke was 51% and that of tar was 31%, with the remainder
being water and gas. The coke had a volatile content of 5%. The pitch used for
these tests had a high content of char dust which caused a high ash content in the
coke. The tar from the coking of pitch was very viscous and contained only 19% of
oils distillable to 360° C. : o
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Tar Hydrogenation

A limited number of batch hydrogenations was carried out using the total
tar which had been topped to 235° C. Such hydrogenation of the total heavy tar
might be considered for commercial utilization of the tar if previously mentioned
uses of the tar do not provide sufficiently attractive outlets. Low-temperature
tar is much more reactive than coke-oven tar, and has been hydrogenated to low-
boilers in yields of approximately 100 vol-% in other research programs. The
two runs made in the present program were carried out at temperatures of 450
and 470° C, and at maximum hydrogen pressures of about 3000 psig. Yields of
90 and 98 vol-% were obtained, and 20 to 30% of the product boiled below 235° C
The conversion to low boilers was not as great as desired, and further study is
needed,

Possible Methods for Processing the Tar to Marketable Products

3

A large number of means for utilizing the tar are potentially available—
from crude uses such as for fuel and road tars to complete conversion to low-
boiling aromatics. The optimum combination of processing methods will be
determined through future research, by existing and future markets, and by the
economics of such combinations of processing methods.

Several schemes for partial or total conversion of the tar to marketable
products were considered on-the basis of the results from the preliminary experi-
mental program and on published data. Two possible methods of processing the
tar are presented to illustrate what might be done, and to indicate the approxi-

- mate economic potentials of such processing plans. The estimates were based on
a plant processing 41, 600, 000 gallons of tar per year produced by fluidized carbon-
ization of 6, 000 tons of America Seam coal per day. The costs of equipment and
processing were obtained from published data on plants carrying out these or
similar steps. Since the cost data used were averages of as many as 20 to 30
reported costs, it is believed the data are representative of the cost of an average
processing step. In each case, conservative (higher-cost) figures were used. The
tar was charged to the tar processing plant at $0. 086/gal because a cost study
indicated that such a price would give a net return of 10% after income taxes on a
carbonization plant located in Alabama. These costs were based, in part, on an
engineering cost study of fluidized carbonization by United Engineers and
Constructors, Inc. (12).

The-first of the two proposed plans for tar processing involved using a por-
tion of the tar without chemical conversion and converting the remainder by
hydrocracking. The low-boiling oils are removed and refined to tar acids and a
neutral oil. The pitch and nonaromatics from the heavy distillate are sold as
road binder. The aromatic portion of the heavy distillate is hydrocracked to low-
boiling oils. The refined products consist of low -boiling aromatics, cresylic acid,
and gasoline blending stock.

The total plant cost was estimated to be $6, 470, 000, of which $2, 628, 000
was for the hydrocracking unit. After including $1, 310, 000 for working capital,
the total capital requirements were $7,780, 000. Theprocessing costs included
amortization, direct and indirect production costs, raw material (tar) costs, and
sales and administrative costs. The estimated net income after income taxes was

-
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$979, 000, which gives a net yearly return on the investment of 12.6%, or a payout
time of 4 years. :

The second plan was for the complete conversion to low-boiling products,
This plan was proposed for the eventuality that the pitch and heavy distillate cannot
be sold in existing markets or would bring only fuel prices.

This method of utilization calls for removing the tar acids boiling below
300° C, and hydrocracking the rest of the tar to oils boiling below 235° C. The
heavy tar acids are also hydrocracked to cresylic-acid range or below. The final
products consist of refined tar acids, refined aromatics, and a gasoline blending
stock. The over-all yield of finished products was 68 gallons per 100 gallons of
crude tar.

The estimated cost of the plant was $13,152, 000, including working capital.
The total yearly costs for processing the tar were estimated at $3,733, 000. The
net income after income taxes for this plan is $912, 000, which provides a return
on the investment of 6.9%. - ~

Present Qutlook

The return on the investment for either of these plans is lower than that
expected by most chemical companies for processes that will involve heavy
expenses for development work. There are several factors that may improve the
economics of processing low-temperature tar: (1) further research may result in
higher yields of the valuable products from the tar; (2) further-research and
advancing technology are expected to reduce the complexity and the costs of
processing the tar; (3) long-term increases in costs of competitive raw materials
and of finished products will better the economics of tar processing; (4) further
development work on the carbonization process should result in increased yields
of tar from the coal and lower costs of carbonization.

Counterbalancing these optimistic factors are some dampening factors that
have become apparent since the fall of 1957. The general recession in 1958
caused softening of prices of the aromatic chemicals and of certain fuel fractions
for which some of the tar would be used. It may be several years before these
losses may be overcome by rising prices. The increasingly large amount of
imported petroleum of the past few years has softened the price of fuels and petro-
leum products with which some of the tar products must ccmpete.

It now appears that the conversion of tar into chemical products on a
commercial scale is a matter of 5 to 10 years in the future. When petroleum and
residual fuel prices increase to approximately $0. 10/gal at inland coal-producing
areas, operation of commercial carbonization plants should be profitable through
the sale of tar as a liquid fuel. Once low-temperature carbonization is on its feet
through sale of tar as fuel, then commercial processing of the tar to chemicals
and higher-priced products will follow. .
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Table I. Properties of Typical Tar from America Seam Coal

Specific gravity 25/25°C, 1.10

Distillation yields, weight % (Hempel)

to 170° C
170-200
200-235
235-270
270-300
300-360
pitch

loss

(S I
e
WM WO Wb

Composition of distillate, volume %

tar acids 28.5
tar bases 2.9
neutral oil 68.6

Composition of distillate tar acids

Fraction Major Component Weight %
170-200° C phenol 3.1
200-210 cresols 13.9
210-235 xylenols 22.0
235-300 20.8
above 300 and loss 40. 2

Composition of distillate neutral oil, volume %

Olefins 8.1%
Aromatics 47.3
Saturated hydrocarbons 44.6

Composition of low boilers (to 235° C), volume %

Tar acids 28.5

Tar bases 2.2

Neutral oils 69.3
Olefins 11.

Aromatics 38.2
Saturated hydrocarbons 50. 6

Naphthenes
Paraffins
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Composition of heavy distillate (235-360° c)

. Distillation range Weight %
to 235° C 6
235-210 14
270-360 48
Residue ©32

Composition, - volume %

Tar acids . 35. 7

Tar bases 3.4

Neutral oil 61.0
Aromatics 51.6
Olefins ¢ 19.2
Sat'd hydrocarbons’ 29.2



10.

11.

12.

13.

14,

-5l

BIBLIOGRAPHY

Chem. Eng. News, 36 55 (June 30, 1958).

Dbid, 36 27 (May 26, 1958). R

Toid, 34 1318 (March 19, 1956).

Chem. Eng., 85 No.2, 63 (1958). 4
Chem. Eng., 64 No. 7,228 (1957). P

Clough, H., Ind. Eng. Chem., 49 673"(1957).

Ind. Eng. Chem., 49 No. 9, 33A (1957).

Gomez, M., Goodman, J. B., Parry, V. F., U. S. Bur. Mines, Rept. of ,
Invest. 5302 (February, 1957). :

King, J. G., "The Hydrogenation-Cracking of Tars, " '"Science of Petroleum, "
Vol. III 2157, Oxford Univ. Press, London, (1938). -

Karr, C., Brown, P. M., Estep, P. A., and Humphrey, G. L., !
"Identification and Determination of Low-Boiling Phenols in Low-Temperature
Tar Oil" presented at ACS Meeting, New York, 1957.

Lang, E. W., Smith, H. G., and Bordenca, C., Ind. Ehg. Chem., 49 355
(1957). ’ -

Minet, R. G., "Economics of the Continuous Fluidization Carbonization

Process for Bituminous Coal" American Gas Association Meeting, Bar

Harbor, Florida, May, 1957.

Petr. Week, 540 (October 25, 1957). . LY

Pound, G. S., Coke and Gas 1952 355 (October, 1952). ,




EEN

S A = e L

e NIV A N VN S S e

e e

NS Ve e N -

e i e s

S [T

55~

Not for Publicatlon
Presented Before the Division of Gas and Fuel Chemistry
American Chemical Society
Boston, Massachusetts, Meeting, April 5-10, 1959

STUDIES ON LOW-TEMPERATURE LIGNITE TAR
I, GENERAL TAR CHARACTERISTICS AND PROCESSING

by
H. R. Batchelder, R. B. Filbert, Jr., and W, H. Mink

Battelle Memorial Institute
Columbus, Ohio

BACKGROUND . AND HISTORY

A process for the low-temperature carbonization of Texas lignite
in dilute suspension was developed by the U, S. Bureau of Mines at Denver,
Colorado, in cooperation with the Texas Power & Light Company as part of
a program for the more efficient use of this material, Work at Denver was
carried through the pilot-plant stage. Promise of this process was such
that the Aluminum Company of America installed a prototype carbonizer in
combination with the power plant for their aluminum smelting installation
at Rockdale, Texas. The boilers for the power plant were designed pri-
marily to handle dried Sandow lignite, but were further designed so that
lignite char would be acceptable as an alternate fuel. This permitted the
production of the desired amount of tar without regard to the amount of
solid fuel recuired for the boilers. The plant is 360,000-kw capacity,
serviced by three boilers, in turn supplied by nine lignite driers. The
prototype carbonizer was sized to handle the output of one drier only,
with provision for transport of the hot char to the fuel bunkers. In
effect, the carbonizer was on a bypass to the main line between the drier
and the boiler. If all of the lignite were carbonized, tar production would
be of the order of 50 million gallons per year.

The lignite is strip mined and transported by conveyor belt to
the driers or field storage. FEach drier has a capacity of 50 tons per hour
and normally dried the lignite to 2 to L per cent moisture. The crushed
dried lignite is picked up by recycle carbonizing gas, together with some
air admixture, and is carried into the retort. Part or all of the necessary
heat may be provided by combustion of tar vapors with process air within
the retort. An external furnace is provided to supply what additional
heat may be required. After the char is separated, the tar vapors are
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condensed and the condensed water decanted. A good review of the Ica.rboni-
zation work is given in the Bureau of Mines papers published by Parry et al.*

In 1954, Battelle was asked by Texas Power & Light and Alcoa to
undertake studies leading to the exploitation of this tar. The work that
will be reported here will cover the processing of this tar, the charac-
terization studies, analysis of products, and the type of reactions of the
tar components. No discussion of the utilization of this mitefrial is
included.

GENERAL PHILOSOPHY OF APPRCACH

The information available on low-temperature tars from lignite
at this stage was quite sparse and, in many cases, self-contradictory.
It was known, however, that the tar was an extrerely complex mixture of a
variety of hydrocarbon types, as well as compounds of oxygen, nitrogen, and
sulfur. Throughout the course of this work, the general philosophy has
been that attempts would be made to find uses for the crudest possible
fractions, and that subsequent separations and refinements would be under-
taken only when the work to that point had shown that further refinement
was essential to amy attractive utilization.

GENERAL CHARACTER OF THE TAR

The tar produced at ftockdale can be classed as a truly "primary"
or mgm tar. The operating temperature of the carbonizer is relatively
low. The rate of heating of the lignite and evolution of the volatile
matter is rapid, and the vapor residence time of the liberated material
is very short, None of the conditions obtain which in a by-product coke
oven allow for extensive cracking and rearrangement of the components of
the volatile matter. Consequently, the tar character reflects closely the
character of the lignite charge.

It is tnis circumstance which probably contributes most to the
complexity of the tar composition. Where extensive thermal reactions are
possible as in the coke oven, most of the more unstable compounds are con-
verted to a relatively few simple, highly stable configurations. A substans
tial part of the nitrogen and sulfur is liberated as ammonia and hydrogen
sulfide, and appreciable quantities of hydrogen and methane are formed by
the pyrolysis of hydrocarbons.

*Parry, V. F., Landers, W. S., Wagner, B, O., Goodman, J. R., and Lammers,
G. D., "Drying and Carbonizing Fine Coal in Entrained and Fluidized State",
Bursau of Mines Report of Investigations L95L, 1953.

Parryl, V. F., "Low-Temperature Carbonization of Coal and Lignite for
Industrial Uses", Bureau of Mines Report of Investigations 5123, 1955.
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In the lignite tar, where these degradative reactions are at a
minimum, a large proportion of the originally evolved compounds probably
survive unchanged. Thus, throughout the whole boiling range of the distil- .
lates we find paraffinic, naphthenic, olefinic, and aromatic hydrocarbons
with oxygen, nitrogen, and sulfur substitution, and probably the u.ndistilied :
material was of the same general nature,

EARLY DISTILLATION WORK

In the first approach to this problem, distillation was selected
without question as the first means of separating crude fractions from the
lignite tar. DBecause of many references to the instability of this mate-
rial, particularly at higher temperatures, we used continuous distillation
under vacuum with the minimum practical heating time. A series of these
experiments showed an expected relationship between the volume of distillate .
recovered and the softening and/or viscosity of the residues. Comparison
of the distillates recovered at various distillation temperatures soon
showed that the composition did not vary particularly with the boiling
point. In other words, the same classes of compounds were present in a
distillate that represented 20 per cent of the primary tar as in a distillate
that represented 50 per cent. As we went further with the study of these
oils, separation into fractions of various boiling ranges supported tuis
observation very strongly. The evidence was abundant enough to indicate
that this constancy of composition extended throughout the tar, and that
the undistillable residues were of the same general composition as the
light distillates. The properties of the primary tar itself are shown in
Table 1, and average composition of the distillate in Table 2.

TABLE 2, AVERAGE COMPOSITION OF LIGNITE TAR DISTILLATE

Compound Volume Per Gent
Tar Acids : 26
Tar Bases L

Neutral Oils 70

SOLVENT EXTRACTION OF PRIMARY TAR

In studying the products obtained by this distillation of the
primary tar, in rany cases we found that the heavier portions of the tar
had characteristics which were not particularly desirable. However, it
was impractical to treat these fractions for the removal of the offending
classes of compounds. For example, we had found quite early thet a caustic
soda treatment of a high-boiling distillate fraction for removal of tar
acids was not promising because of emulsion formation and the difficulty
of the separations., On this basis, the application of separation means
to the primary tar itself appeared to be in order.
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TABLE 1.

PROPERTIES OF PRIMARY LIGNITE TAR

Ash, per cent

C-1, per cent

Water, per cent

Specific Gravity, 25/25 G
Viscosity, cp, 28 C

Elemental Composition, per cent C

water-free basis - 81.0

Distillation, ASTM D20-52,
weight per cent (dry basis)

To 170-C

170-235 C

235-270 C

270-300 C

300-Decomposition Temperature
Residue at Decomposition Temperature
Loss

Residue at 300 C

Decomposition Temperature, C

o)
-3

0(diff)

8.

4.9
52.0

337
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- Batch Shake-Out Experiments

Because of our earlier work on distillation and the work of
others on the separation of tar acids, we were led to explore the solvent
extraction of the primary tar and tried first a two-solvent system com-
prising aqueous methanol® and hexane

It seemed reasonable to expect that, by this means, a residue
could be produced from the hexane-soluble fraction which would contain
little or no polar materials. At the same time, the high-boiling tar
acids and polar materials normally in the residue from the distillation
should now be found in, and be recoverable from, the methanol extract.

In a series of batch shake-outs, we found that separation could be
acnieved, and made a start toward defining the preferred conditions for
the separation. A series of single batch shake-outs was made to determine
the desired temperature of operation, the results of which are shown in
Figure 1. As the temperature was increased from 66 to 120 F, it was found
that the extent to which insoluble material was dispersed through the
methanol phase decrzased steadily until, at 120 F, the insoluble material
was cleanly separated and was fluid enough so that it could be withdrawn
without difficulty. Also, at this temperature, the material loss in the
course of the experiment and the yield of insoluble material were markedly
less than in the experiments conducted at lower temperatures, Temperatures
much beyond 120 F would have recuired either the substitution of a higher
boiling solvent for hexane or the conducting of experiments at higher than
atmospheric pressure. Neither seemed desirable at this stage, since there
was no reason to anticipate unsatisfactory operation at 120 F.

Another series of single batch shake-outs was made to study the
effect of varying the solvent ratio on the products obtained., Increasing
either solvent decreased the amount of insoluble material. Increasing
the methanol ratio at a constant hexane ratio increased the yield of methanol
solubles. The concentration of caustic solubles in the methanol solubles
was also increased by increasing the methanol ratio up to a ratio of about
2. Higher ratios, however, resuited in a gradual reduction of the concen-
tration of caustic solubles,

It can be shown that the total recovery of caustic solubles from
the primary tar increases with increasing methanol ratio, In the process
of recovering more tar acids by using higher-methanol ratios, there is
included mor: and more non-tar-acid material in the methanol solution, For
maximum purity of recovered materials, low methanol ratios would be used;
for maximum removal, high ratios would be used. Practically, the maximum
removal in usable purity is the goal. .

Because the process is essentially a partition of the tar acid
material between the methanol and the hexane, the effect of increasing

3%  Vhenever methanol is used here, it refers to a methanol-water solution,
usually 70 weight per cent methanol,
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hexang ratio is substantially that achieved by decreasing the methanol
ratio, except that the yield of insoluble material is decreased by an
increase in either solvent. These preliminary experiments formed the
basis for initlal operation of the contlnuous unit.

Operation of Rotating Disc Contactor Unit

Description of RDC Unit

The RDC column proper (shown in Figures 2 and 3) is constructed
of two l-inch flanged glass-pipe sections., The top section is 3 feet long
and the bottom section is Y feet long., The stator rings shown in Figure 3
are 3-13/16 inches in OD and 2-3/8 inches in ID. Teflon gaskets are sand-
wiched between the 20-gage stator rings to seal the ring to the side of the
glass pipe. This method of construction was used because the inside diam-
eter of the glass pipe used varies by as much as 1/8 inch. Three holes are
punched in the stator rings and gaskets, and 1/L~inch rods inserted through
the holes to hold the rings and gaskets. The compartments are formed by
using spacers of 1~3/L-inch lengths of 3/8-inch tubing. The rotors are
20 gage and 2-1/8 inches in diameter, and are soft soldered to a 5/8-inch
shaft.

The two glass units are Jolned together in the center by means
of a l-inch-thick ring. The ring (Figure 2) is drilled and tapped so as
to provide an entry for tar feed, a bearing support for the rotor shaft,
and a passageway for fluids in the column, The fittings at the ends of
the column are similar in construction to the center piece, except that
an extension, consisting of a section of l-inch tubing, forms a settling
zone. The extract is removed through a 3/4~inch pipe and fed to a second
settling chamber., Extract is taken off the high end of the settling chamber
and fed to a variable-height syphon breaker and from there to a storage
tank. The variable-height syphon breaker permits balancing the -levels of
solvent in the colum, Tar is fed to the column by means of a small cali=-
brated gear pump operated through a variable-speed drive. Solvents are fed
to the column from constant-head feed tanks through rotometers. Both sol-
vents and tar are heated in a hot-water bath prior to entry into the column,

The column is supported in an angle-iron framework which is en-
¢losed on all four sides. The top of the framework is connected to a hood
vhich removes vapors from the column and, at the same time, heats the column
by drawing air in through a heat exchanger on the side near the bottom.
Raffinate from the column is fed to the solvent-stripping unit, a 100-gallon
agitated steam-jacketed vessel. An unlagged 4-foot length of L~inch pipe
filled with Berl saddles provides sufficient rectification to strip solvents
from the products. After the raffinate has been stripped, the unit is used
to strip the extract. In actual practice, after stripping, the methanol
solubles contain 25 to 50 per cent water. This is removed by decanting.
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Physical Operability of RDC Unit

The f£irst runs in the pilot~plant unit were made to explore the
variables which should affect the physical operation of the extraction
colum, in order that optimm conditions might be used as standard in the
subsequent runs., These variables were: rotor speed, feed rate, density
difference between phases, and time required for the columm to reach equi-
librium, Temperature was not considered as an operating variable in the
RDC experiments, since an optimum temperature for operation had been estabe
lished at 120 F through batch shake-out tests as described above. All
RDC runs were made at this temperature.

In one run (1:4:4 ratio) feed rates were increased until flood-
ing occurred at a tar feed rate of 2.6 gallons per hour, This corresponds
to a total column feed of 350 gallons per hour per square foot of colwmn
cross~sectional area, In subsequent runs, the combined flow rate was
limited to a maximum of about 270 gallons per hour per square foot.

As the rotor speed was increased from 180 to 215 rpm, the amount
of caustic solubles in the methanol solubles increased; but, when the speed
was increased further to 270 rpm, an emulsion was formed in the column which
made phase separation impossible. All subsequent runs were made at 215 rpm.

Enough difference must be maintained between the density of the
raffinate and extract so that the phases may be separated. As each solvent
dissolves components of the tar, the density of each solution increases;
therefore, the density and density difference will depend not only on the
solvents used, but also on the solvent ratios as well. As more water is
added to the methanol solution, its density increases so that, for each
methanol-water concentration, there is a solvent ratio below which the
column will not be operable. These findings are summarized in Figure L.

For any given methanol concentration, operations to the left of
the proper curve will not be feasible because of insufficient difference
in density between the two phases. Thus, with 70 per cent methanol, a
1:3:3 ratio is satisfactory, but a 1:5:3 or a 1l:1:2 ratio is not., It can
be seen from these curves that, for any methanol concentration, there 1s
a hexane ratio above which the colummn may be operated regardless of the
methanol ratio. These curves are not sharp and precise boundaries, but
rather the areas of approach to inoperable conditions. These data proved
very useful in the selectlion of solvent ratios for subsequent runs.

Effect of Operating Variables on Products

As with single batch shake-outs, solvent ratios and methanol
concentrations can be selected within operable limits for use with the RDC
unit so as to produce products of varying quality and in varying yield.
For example, the purity and yield (inversely related) of tar acids in the
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methanol extruct can be regulated partly by adjusting the methanol con=-
centration. Likewise, the degree of extraction of polar compounds from
the hexans-soluble fraction can be adjusted in part by changing the ratics
of the hexane-methanol-primary tar streams. The effects of changing these
two variables have been investigated within certain ranges in the pilot-
plant RDC unit.

The effect of such changes can be followed by determining the
fraction of the caustic solubles, originally in the primary tar, which is
extracted by the methanol, The total caustic solubles in the tar cannot
be obtained directly. However, a number of cistillates of various yields
were successfully caustic washed and were found to contain about 27 per
cent of caustic soclubles irrespective of yield or boiling range of distil-
late. For this reason, the value of 27 per cent was assumed tc hold for
the primary tar itself.

If the methanol concentration is low, it wculd be expected that
little of the tar would be soluble in it. I, on the other hand, the
methanol concentration is high, one would expect that the solubility of the
tar, and hence the degree of extraction, would increase. This effect is
shown in Figure 5. The position of the curve at 75 per cent methanol indi-
cates that the assumed value of 27 per cent of caustic solubles in the pri-
mary tar might be low. If the value of 27 per cent were incorrect, it
would have the eflect of shifting the curve upward or downward, depending
on whether the true value was lower or higher than 27 per cent. It was
found in the single batch shake-outs that, whenever the extraction of
caustic solubles increased, the concentration of caustic solubles in the
methanol solubles decreased. A similar effect for the pilot-plant unit
is shown in Figure 6.

The insoluble matter decreased with increasing solvent ratio as
in the single batch shake-out tests. However, the column appeared to be
more efficient in this separation. At a 1:8:8 ratio, a single batch shake-
out resulted in about L.5 per cent of insolubles while the RDC yielded
about 2 per cent. Since Rockdale Run 53 primary tar contained 0,35 per
cent of ash, and if it is assumed that char contains 20 per cent of ash,
it can be calculated that there was about 1.75 per cent of char in Run 53
primary tar. The curve of Figure 7 appears to approach this value at high
solvent ratios.

Figure 8 is a convenient method of showing the sffect of solvent
ratios for a given methanol concentration. The inoperable zone is defined
and the per cent of total caustic solubles extracted is indicated. Because
of the few data available, it is not possible to define the shape of the
curves showing a constant per cent of caustic solubles extracted as a func-
tion of solvent ratios. However, the curve for 70 per cent extraction
appears to be approximated by a straight line., The per cent of caustic
solubles extracted appears to approach some value around 100 per cent
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asymptotically as the methanol ratio is increased. From the slope of these
curves, it is apparent that the methanol ratio has a greater effect on

per cent of total caustic solubles extracted than does the hexane ratio \
under the conditions used.

The relative solubilities of the primary tar in the hexane and ‘
rmethanol phases were determined for 70 per cent methanol at different ’
solvent ratios. These results are shown in Figure 9.

In previous work with the rotating disc contactor, tar feed was 4
introduced at approximately the center of the column, Frevious work on .
solvent-extraction columns has shown that the location of the feed point :
might have a significant effect on the operation of the column so far as
yield and product quality are concerned. For this reason, the rntating
disc contactor was altered to permit introduction of tar feed at two loca-
tions in addition to the center feed point., The points selected were )
approxima tely one-fourth of the distance down from the top of the column
and one-fourth of the distance up from the bottom of the colum.® Four
runs were made in which the feed point was successively changed from center,
to top, to bottom, and finaliy back to center position. Thers was no sig-
nificant change in the column variables other than feed-point location. '
As a result of this investigation, it was found that the total material /
extracted from the tar by the methanol varied as follows: '

Feed Position Per Cent Bxtracted
Center 25.6
Top 23.7 .
Bottom 23.kL
Center . 2509

The relatively small change in the percentage extracted as affected
by the feed-point location indicates that the colwm used probably has con-
siderably more stages than are necessary to perform the desired extraction.
In future work, however, the present columm will be used, with feed intro-
duced at the center position. ’

Analytical Methods.

A 500-ml sample of raffinate is weigred and about 250 ml placed
in a tared 500-ml flask. The flask is fitted with a 12-inch Vigreaux
colwm and a thermometer extending to within 1/L inch of the bottom of

* In the original design of the rotating disc contactor there were LL stages,
with the feed point being at Stage 20, numbering down from the top. Two
other feed points were subsequently provided: (1) "Top", Stage 10, and
(2) "Bottom", Stage 32.
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the flask., The top of the Vigreaux column is fitted with a side arm con-
necting to a condenser, and a separatory funnel through which is added
the remainder of the raffinate sample during distillation.

The flask is heated with a heating mantle, and the hexane dis- .
tilled over is discarded. When all the raffinate has been charged to the ¢
flask the distillation is continued until the pot temperature reaches 210 C.

The flask is then cooled and weighed to determine the weight of hexane-
soluble residues.

The extract is handled in the same way as the raffinate except
that, after all extract has been added to the flask, distillation is stopped
when the pot temperature reaches 95 C. The flask is allowed to cool and
200 ml of benzene is added. The contents of the flask are then transferred
to a 500-ml separatory funnel, shaken, and allowed to settle. The water
layer is drawn off and discarded and the benzene layer returned to the
flask., The separatory funnel is rinsed with methyl alecohol, which is added
to the contents of the flask, Distillation is contimued until the pot
temperature reaches 210 C., Tne flask is allowed to cool and then is weighed !
to determine the methanol solubles.

The methanol solubles cbtained as indicated in the previous sec-
tion are washed into a 500-ml separatory funnel with three portions of warm
20 per cent sodium hydroxide solution. The solution is allowed to cool
to room temperature and 50 ml of ether added, The mixture is shaken care-
fully and allowed to settle. The ether layer is transferred to a tared
100-ml flask and heated on a steam bath. After the contents have stopped
boiling, a vacuum (using a water aspirator) is drawn until no more boiling
occurs. The flask is cooled and weizhed to determine the non-caustice
soluble material in the methanol solubles, The per cent of caustic solubles
is calculated by difference.

A known quantity of the insoluble phase is char%ed to a tared
flask and heated on a steam bath under vacoum to strip it of solvent. The
flask i3 cooled and weighed to determine the insoluble matter.

SECONDARY PROCESSING OF SOLVENT EXTRACTION PRODUCTS

For the purpose of providing samples for the characterization
and utilization studies, hexane solubles were distilled to yield fores,
middle oil, and pitch of various softening points. Both batch and contin-
uous methods of distillation were used. Methanol solubles were usually
distilled to an arbitrary cut point of 235 C for the same purpose.
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ROCKDALE PILOT PLANT

A solvent-extraction pilot plant has been constructed at Rockdale,

primarily to provide materials for utilization study on a larger scale,

This unit is designed to process about 1000 gallons of primary tar per
stream day and to produce five main products, A simplified flow diagram

is shown in Figure 10, Tar, aqueous methanol, and hexane--all preheated

to 120 F--are fed to the center, top, and bottom of a rotating disc con-
tactor, Rates are controlled by metering pumps. The contactor is 3 feet
in diameter by 16 feet high, with 24 contacting stages.

The hexane solution leaves the top of the contactor, passes
through a steam heater, then into a flash drum where a substantial portion
of the solvent is flashed off., The partially stripped liquid passes through
another heater and is fed to a packed tower for the distillation of the
remaining solvent. The streams of solvent vapor are combined and passed
through a condenser where the water flow is regulated to maintain the proper
temperature of the recycled solvent., The solvent-free hexane extract goes
to an accumulator tank, then through an electric heater to a vacuum still
in which sufficient distillate is taken overhead to yield as bottoms a
pitch of the desired softening point., The distillate is topped in another
colurn, not shown on the diagram, to produce a light distillate and a bottoms
of the desired flash point and boiling range.

The methanol solution similarly is stripped of solvent in two
stages, and the recovered solvent is recycled to the contactor. Adjust-
ment of the water content is necessary because part of that originally
present in the sgolvent feed stream is decanted from the solvent-free mate-
rial leaving the bottom of the methanol recovery still.

then desired, the methanol-soluble material may be separated
into low- and high-boiling fractions in the same column mentioned above
for final splitting of the hexane-soluble distillate., Normally, tar acids
through the xylenols are taken overhead in this operation. Tables 3 through
7 give typical inspections of the five products resulting from this kind
of operation,
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TABLE 3.

PROPERTIES OF FORERUN, DISTILLING TO 200 C, OF DISTILLATE
OF HEXANE SOLUBLES OF PRIMARY LIGNITE TAR

Specific Gravity, 25/25 C
Refractive Index, n23
Viscosity, kinematic ¢s, 100 F

Flash Point, ¥

Fire point, F

Coppetr Strip Corrosion
Pour Puint, F

Tar Acids, volume per cent

Tar Bases, volume per cent

Neuatral Oil, volume per cent
Paraffins, volume per cent
Olefing, volume per cent
Aromatics, volume per cent

Eiemental Composition, per cent, C H
water-free basis 85,4 11,7

Distillation, ASTM D20-52,
weight per cent

To 170 C

170-235 C

235-270 C

270-300 C

300-355 C

Residue at 355 C

Loss '

Residue at 300 C

Decomposition Temperature, C

0.8503
1,4754
1.11

90
165
No discoloration
<70

1,7

1.2
97,1
14
41
45

*

0(diff)

6 1,1

o v

.
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TAELE L.

PROPERTIES OF DISTILIL.ATE, TOPPED TO 200 C, OF HEXANE
SOL.UBLES OF PRIMARY LIGNITE TAR

Specific Gravity, 25/25 C 0.9325
Refractive Index, n25 1.5242
Viscosity, kinematic cs, 100 F 8.13
Flash Point, F 208
Fire Point, F 320
Copper Strip Corrosion No discoloration
Pour Point, F 66,5
Tar Acids, volume per cent 7.7+ 2
Tar Bases, volume per cent 1.6
Neutral Oil, volume per cent 90.7 £ 2
Paraffins, volume per cent 15
Olefins, volume per.cent 39
Aromatics, volume per cent 46
Elemental Composition, per cent, C H N s 0(diff)
0 2.5

water-free basis 85,4 10,7 0.4 1.

Distillation, ASTM D20-52Z,
weight per cent

To 170 C 0.1
170-235 C R 14,3
235-270 C 20,1
270-300 C 18,1
300-355 C 27.17
Residue at 355 C 18.6
Loss 1.1
Residue at 300 C 46,3

Decomposition Temperature, C >355
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TABLE 5.

PROPERTIES OF RESIDUE OF HEXANE SOLUBLES OF

PRIMARY LIGNITE TAR

Soltening Point, Ring and Ball, C
Penetration, 100 g, 5 sec, 77 F
Viscosity, SFS, 350 F

C-I, per cent

Nitrobenzene Insoluble, per cent
Ash, per cent

Specific Gravity, 25/25 C

Elemental Composition, per cent, C
water- and ash-free basis 87.6

Distillation, ASTM D20-52,
weight per cent

To 300‘-C

300-‘Decomposition Temperature
Residue at Decomposition Temperature
Loss |

Re;idue at 300 C

Decomposition Temperature, C

68

L 1.064

0(diff)
3.2

96.0

355
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TABIE 6.

PROPERTIES OF LOW-BOILING METHANOL SOLUBLES, DISTILLING ‘
UNDER 235 C, OF PRIMARY LIGNITE TA.R y

Caustic Soluble, per cent | . 99
Specific Grlavity, 25/25C - o : 0.991 .
.Viscosity, kinematic cs, 100 F h 3.17
Sulfur Content, pe;' cent : ' | 0.13
Nitrogen Content, per cent 0,67

Distillation, ASTM D20-52,
weight per cent -

To 170 C A . 0.0
170-235 C . 81.3
235-270 C 8.8
270-Decomposition Temperature 6.3
Residue at Decomposition Temperature ) 2.4
Loss . 1,2 ;
Residue at 300‘C . ' . » 2.4 j

Decomposition Temperature, C 280
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. TABLE 7.

PROPERTIES OF HIGH-BOILING METHANOL SOLUBLES, BOILING

OVER 235 C, OF PRIMARY LIGNITE TAR

Specific Gravity, 25/25 C
Viscosity, SF'S, 350 F

Softening Point, Ring and Ball, C
Sulfur Content, per cent
Nitrogen Content, per cent

Distillation, ASTM D20-52,
weight per cent

To 170 C
170-235 C
235-270 C.
270-300C
* 300-Decomposition Temperéture
Residue at becomposition Temperature
h Loss
Residue at 300 C

Decomposition Temperature, C

1,163

12

40-43

0.99

1,61

40.9
2.4
49.4

325
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Not for Publication
Presented Before the Division of Gas and Fuel Chemistry
American Chemical Society
Boston, Massachusetts, Meeting, April 5-10, 1959

STUDIES ON LOW-TEMPERATURE LIGNITE TAR
I, CHARACTERIZATION OF MATERIALS OTHER THAN TAR ACIDS

by

E. Jack Kahler, D, C. Rowlands*, and W, C, Ellis
Battelle Memorial Institute
Columbus, Ohio

As described in the first paper of this series, primary tar from the
low-temperature carbonization of lignite can be processed in a number of
different ways., The various products obtainable contain a wide assortment
of chemicals and classes of chemicals in different combinations., The pur-
pose of this paper is to describe what has been learned about the different
classes of chemicals in primary tar., The major effort was directed toward
identifying the classes of the chemicals rather than searching out the
identities and quantities of individual components. However, some individual
compounds were studied in the process.-

The most important single characteristic of low~temperature tar is
that usually, for each class of compounds found, all the homologues are
present, However, no one compound is present in a large amount, In the
primary tar, as received, phenol is the most abundant single compound,
in about one per cent,

Primary Tar

o Primary tar is composed of materials that distill at temperatures
from below 100 C to about 350 C, as well as high-molecular-weight, pitch-
like materials, All characterization work has been done on distillates.
However, it is believed that the residual material probably has the same
general proportions of chemical compound classes as do.the distillable
fractions.

Primary tar is composed of taxr acids, tar bases, and neutral oil as
determined by their relative solubility or insolubility in caustic or dilute
acid. The solvent-extraction process described in Paper 1 of this series
divides the primary tar so that most of the tar acids are soluble in the

*Present address: Chemical Abstracts, Columbus, Ohio
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methanol-water phase, and most of the neutral oil is soluble in the hexane
phase; the tar bases are divided quite evenly between the two phases.

Figure ] shows the boiling point, refractive index, and density curves
obtained from a vacuum fractional distillation of a vacuum-flash distillate
of a primary tar studied early in the program. The individual fractions
were composited to fifteen fractions, All of these, except for the lowest
boiling composites, contained about the same proportions of tar acids, tar
bases, and neutral oil, The fall in refractive index and corresponding rise
in density has not been explained or studied, These effects might have re-
sulted from azeotrope formation because neither tar acids nor neutral oil
showed this effect when they were distilled separately, The average com-
position of distillates of lignite tar is as follows:

Tar acids 25 — 30 per cent
Tar bases . 4 - 5 per cent
Neutral oil 65 — 70 per cent

The remainder of this paper and subsequent papers in the series describe
what was learned when these three classes of tar constituents were studied
individually,

Tar Acids

Tar acids, or those materials soluble in caustic, were found to be
primarily phenolic compounds with no more than two per cent of aliphatic
carboxylic acids, For this work, tar acids were divided into two parts:
low-boiling tar acids and high-boiling tar acids, The dividing atmospheric
boiling point was 235 C, as this temperature is slightly higher than the
225 C boiling point of the least volatile xylenol (3,4), and thus insures the
inclusion of all the xylenols in the low-boiling tar acids, The separation
was generally made by distilling off the low-boiling tar acids under vacuum
in a nitrogen atmosphere. The high-boiling tar acids were sometimes
distilled at temperatures up.to those equivalent to 300 to 350 C at atmos-
pheric pressure. In such cases, only about 50 to 60 per cent of the high-~
boiling tar acid fraction distilled,

The composition of the low-boiling tar acids was studied by infrared
analysis after the acids had been converted to their methyl ethers., This
work is described in detail in Paper III of this series, Phenol was found to
be the most abundant single tar acid. All of the cresols, xylenols, and
ethylphenols were also present in low-boiling tar acids,

The high-boiling tar acids distilling up to 335 C were also studied,
This work is described in detail in Paper IV of this series. Alkylated
Phenols, naphthols, indanols, and polyhydroxylic phenols were the pre-
dominant classes of compounds found in high-boiling tar acids,
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Tar Bases
)

Tar bases, or those materials soluble in dilute mineral acid, are
present in tar distillates to the extent of only 3.5 to 4,5 per cent, As they
represent only a small part of the tar, only limited studies were made of
their nature, Actually, all of the tar bases cannot be easily recovered,
and yields of less than 1, 5 per cent were realized by conventional recovery
methods, Distillations, spot tests, and paper chromotography indicated
that tar bases are primarily nitrogen heterocyclics of the pyridine and
quinoline types. No evidence was obtained of aniline derivatives.

Neutral Oil

Neutral o0il, which represents more than two-thirds of primary tar,
is composed primarily of hydrocarbons., These hydrocarbons are paraffins,
olefins, and aromatics. Also present are nonacidic ''polar compounds"
which contain oxygen, sulfur, or nitrogen. Figure 2 shows the results of
fractionating neutral oil in a Podbielniak Hypercal distillation unit, Evi-
dence of some degree of separation is shown by the plateauing in the boiling-
point curve and the periodic rise and fall of the refractive index curve. In-
frared studies of selected fractions showed those corresponding to the
maxima of the refractive index curve to be predominantly aromatic, and
those corresponding to the minima to be predominantly aliphatic. The
periodicity is evidence for the homologous nature of the chemicals in pri-
mary tar.,

Silica-gel-displacement chromotography was used to assay neutral
oil for content of paraffins, olefins, and aromatics. Figure 3 shows a
typical curve obtained by the method of Dinneen, et al.( »A*  These re-
sults are compared in Table 1 with those obtained by a conventional
sulfuric acid extraction method as described by Reynolds and Holmes, (3)
There is no satisfactory explanation for the remarkable differences in the
paraffin and aromatic values obtained by the two methods, However, the
polar compounds, which are believed to be present in about 20 per cent,
could be the source of difference, They are classed as "aromatics' by the
silica gel method, and as olefins in the sulfuric acid method,

The various classes of compounds in neutral oil have been separated
and studied for the types of structures present, Infrared spectroscopy has
been the chief analytical technique used for identification of structural
features.

?References are located at the end of this report,
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TABLE 1, COMPOSITION OF NEUTRAL OIL

Method of Analysis

Component - HoSO4 Si Gel
Paraffins a3 11-13
Olefins » 43 ’ 35-40
Aromatics ' 2 . 48-53

Paraffins

The paraffins in lignite tar are primarily straight-chain hydrocarbons
with a small amount of branching. The location of the branching in the para-
ffins is not known, but it is probably random. About one-third of the paraffins
form an adduct with urea. This indicates that the adducted paraffins are
either unbranched or that the branching is close to the end of the hydrocarbon
chain.’ Hydrocarbon ring analysis based on physical properties showed that
the paraffins and olefins combined contain about 20 per cent ring carbon
atoms.

Paraffins were isolated from high-boiling fractions of neutral oil as
colorless waxes. Although considerable efforts were made to purify these
waxes to yield high-melting solids, the highest melting-point range attained
was 40 to 47 C. Infrared and elemental analyses of these waxes showed
them to contain only carbon and hydrogen.

Olefins

Early infrared studies on selected olefin fractions, separated fromi
neutral oil by silica gel, showed the three major kinds of olefins present -
to be terminal or alpha, trans-internal, and tertiary,

To learn more about the olefins, a study was made of the effect of
various strengths of H3SO4 on the removal of olefins, Figure 4 shows how
the percentage of neutral oil extracted rises as stronger H,504 is used, a
sharp rise taking place at 70 per cent acid, At this acid strength, the
bromine number begins to drop rapidly. The material extracted by the
more dilute acids is believed to be mostly polar compounds (discussed in a
later section), Figure 5 shows a silica-gel curve of neutral oil washed with
cold 78 per cent HSO,4. The proportion of olefins remaining was slightly
‘higher than in the original neutral oil, Table 2 shows the calculated amounts
and the proportions of the paraffins, olefins, and aromatics that were ex~
tracted by the acid,




T e I —

TIO TVALAIN NO dIDV DIYNATNS JO SHLONIMILS SNOINVA A0 LDAIdT Y aynola

L2281~¥ yBiam £q Jusd sad ‘pioy JuNJIng snoanby Jo uolDIUEIU0Y
001 06 (0] ] oL 09 oS (0] 4 o€ oz [o]] 0
0 g —— =0 0
e —p ——
ool }- |
o~
002 o) : ol

00¢ - \V\
oov \ oz

oos} ;
009 , . os

Juaw)Das) JAYY SHDIIHSIQ JO JAQUNN duwolg

ooLf-

008 ot

> j [ /f/

0001 e — 0g

T C— —— — -~ — —
00N} p1o0 —
ypm buyooar 1o :

3 ooz ~-O——O=—0- |DJ}N3U JUBD 13y 09
©
Soosi} Mgl SIQUINU BUNIOIG

00! | — | | oL

POV LNHNS Yum Buydoay 10 j0NNIN e Jad



eTLsI-Y

dioV 21N JITNS LNID ¥Udd 6L
dT0D HIIM dIHSVM TIO TVHININ 3OJ WVYHYDOLJIUOSAV THD-VOITIS

19QUINN YOI

08B GL OL S9 09 GG OS Sb Ob GE Of G2 02 S O €

4
|

Sol0WOID Juad Jod ;¢
SU1J3J0 Juadd 1ad gp

A

T T
|ouD}30-u
, f.;_
)
[¢2N
a)
]
{ pasoyu)
Aq pawdayd
u0}j20. 4
1 A
BT e S s e e~ T -

e -
TN e e e

G UNDiA
o]
rd!
| B
. 24l
9t
- &
~ >
.m a9l m
0 &
(3]
3 —
=2 . W.
3 o5l ¢
g 2
= =]
w»
r{-3
vs
96|
N \'J\/.\.,I\I))\J‘\(tl).)):u)\(!/\(/ R N .



-90-

TABLE 2. COMPOSITIONS OF NEUTRAL OIL BEFORE AND AFTER
BEING WASHED WITH COLD 178 PER CENT HgSO4

Neutral Qil Components(2), per cent

Paraffins Olefins Aromatics Total
Original neutral oil 12 40 48 100
Washed neutral oil 11.6 31.3 25.2 68.1
Amount removed 0.4 8.1 22,8 . 31.9
Pe.rcentagé of compositon 1+ 271+ ' T+ - ‘ .-

removed material

(a) Determined by displacement silica gel chromotography.

About one-half of the olefins present in lignite tar are a-olefins, Be-
cause the double bond is located at the end of the molecule, a-olefins can
form adducts with urea providing the remainder of the chain is not branched,
This urea reaction, together with the selective separation of paraffins and
olefins on silica gel, provided a means of obtaining enriched samples of
a-olefins, Figure 6 shows how a-olefins were separated from a 200 to
300 C cut of hexane solubles obtained from the solvent extraction process,
The laboratory separation described yielded a water-white olefin fraction
which was about 75 per cent a-olefin, Some trans- and tertiary-olefins
were also present, )

The individual small fractions obtained from the silica-gel separation
of the olefins from the whole adducted oil were subjected to further study.
Table 3 shows the information gained about average molecular weight,
ratio of a~olefins to total olefins, and total double bonds per molecule as
determined by infrared and by bromine number, The average length of the
olefin chains ranged from 14 to 16 carbon atoms, with most of the fractions
containing about one double bond per molecule, Earlier olefin fractions
contained somewhat less unsaturation, which was probably evidence of in~
complete separation of paraffins from the olefins. Later olefin fractions
contained somewhat more unsaturation which could be evidence of multiple
unsaturation, although no infrared evidence was found of conjugated unsat-
uration. As these olefins had adducted with urea, this might be interpreted
to suggest the presence of diolefins in which both double bonds are located
terminally,

No work was done to prove the presence or absence of cyclic olefins
in neutral oil, although such compounds are expected to be present. A ring
analysis was made of the combined paraffin-olefin fraction, as separated by
silica gel, of a 200 to 300 C cut, Various phzsica.l measurements were used
as recommended by Deanesley and Carleton(®) to calculate the results, which
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0.82% of Primary Tar

Oil From Adduct J Oil Failing to Give Adduct:
1% Paraffins
23% Olefins
56% Aromatics
Silica Gel ¥k Polar
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Intermediate
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N-56563 .

FIGURE 6, SEPARATION OF A 200-300 C BOILING CONCENTRATE

OF 0-OLEFINS FROM PRIMARY TAR
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indicated about one-fourth of the carbon atoms were naphthenic. This same
fraction was found by infrared to contain 61 per cent olefins,

TABLE 3. CHARACTERIZATION OF SILICA-GEL CHROMATOGRAPHY CUTS OF CIL FROM UREA ADDUCT
OF DISTILLATE OF HEXANE SOLUBLES

Refractive Ratio of RCH=CHg  Total Double Total Double
Index, Molecular{b)  (Alpha) Otefins to Bonds/ Mol Bonds/ Mol
Fraction n%o Comments(2) Weight Total Olefins(€) by Infrared by Bromination{d)
1 1.4344
2 1.4336 T
3 1.4328 Paraffins 0.0
4 1.4322
5 1.4317 ,
6 1,4337 Intermediate
7 1,4385 233 0.74 0.6
8 1.4389 0.1
9 1.43817
10 1.4388 225 0.178 0.8
11 1.4386 0.8
12 1.4388
13 1.4387 215 0.177 0.9
14 1. 4390 Qlefins 0.9
15 1.4392 67 Per Cent
16 1.4393 N 209 0.77 1.0
17 1.4398 1.0
18 1.4397 '
19 1.4399 206 0.7 1.0
20 1.4401 1.1
21 1,4412 0.75 1.1 1.2
22 1.4458 y 198 0.175 1.3
23 1.4604 . Intermediate
24 1,4855 Aromatics
25 1,4382
2 l.aggp  0-Octamel

¥

(a) Based on “2D0 and infrared spectroscopy.
(b) Determined cryoscopically in benzene.
(c) Delglermined by infrared spectroscopy. The olefins other than @ -olefins remained about 75 per cent trans

(Ré=QR) and 25 per cent tertiary (RyRpC=CHy) from fraction to fraction.
hA )

(d) Br-BrOg method, ASTM D1158-55T (1955). Values under 1 probably indicate paraffin contamination
whereas values over 1 may indicate a small amount of multiple unsaturation.

Aromatics

A concentrate of aromatics was obtained from neutral oil by the use
of butyrolactone as selective solvent. The aromatic fraction was further
purified by the use of silica gel and sodium amide in attempts to remove
nonaromatics and particularly the polar compounds. The material was
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carefully rectified at reduced pressures into 45 fractions over a calculated
atmospheric boiling point range of 140 to 290 C. Table 4 summarizes the
types of hydrocarbons definitely identified by infrared analysis of the
individual fractions. Polar compounds were evident in the higher boiling
fractions, Benzofuran and 2-methylbenzofuran were tentatively identified
as major nonhydrocarbon contaminants,

'fABLE 4. SUMMARY OF HYDROCARBON TYPES FOUND BY INFRARED -
SPECTROSCOPY IN FRACTIONS OF REFINED AROMATIC

CONCENTRATE :
Boiling Range, C/1 atmos. Characterization

140-163.0 Principally xylenes

157.1-181.5 Cg aromatics, principally trimethyl
benzenes

175.5-205.0 Cg and higher atomatics including
indene and hydrindene

202,0-230.5 Naphthalene plus other aromatics

222.5-251.5 Methyl naphthalenes

247.5-290.5 _ Possibly dimethyl naphthalenes plus

other aromatics

Ring analysis of the aromatic concentrate based on physical properties
showed the average structure to correspond to methyl- or ethyltetralin,
However, this figure may be in error because of polar contaminants, There
was little evidence of any significant amount of poly—nliclear aromatics or
long-chain alkylaromatics, Even though special efforts had been made to
remove nonhydrocarbon contaminants, elemental analysis showed the con-
centrate to contain sulfur, nitrogen, and oxygen (by difference). If the
nonhydrocarbon material had the same average molecular weight as the

-aromatics with one hetero atom per molecule, the various contaminants

would be present as follow:

Elemental Percentage Calculated Contaminant
Hetero Atom in Concentrate Percentage
S 2.4 12,1
N 0.2 2,5
(o] 1,6 16.1

These figures total 30 per cent and may be high, as oxygen was figured by
difference,



Polar Compounds

A number of separation methods were applied to neutral oil in attempts
to obtain polar compounds free of hydrocarbons, The only method that was
reasonably successful involved use of silica gel and elution chromotography
as shown in Figure 7., Although other information suggests that neutral oil
contains about 20 per cent of polar compounds, only 12,5 per cent was
isolated by this particular method,

Infrared indicated that imino, hydroxyl, and cyano groups were
present in these polar compounds, However, the major chemical class
was ketones, Further concentration and study of the ketones showed the
distillable ketones to be primarily aliphatic with a large amount of branch-
ing, It will be shown in Paper IV that ketones are the principal contaminant
in tar acids.

Sulfur-containing compounds are also present in polar compounds, but
spectral evidence is not satisfactory for identification of most classes of
sulfur compounds. Furthermore, although chromatography is often effec-
tive for the separation of sulfur compounds from hydrocarbons, the sulfur
compounds in lignite tar could not be cleanly separated by this technique,

It has been found that the sulfur compounds in lignite tar are chemically
quite unreactive, Reactive compounds such as thiols and disulfides appear
to be present, but in relatively low concentration as compared with aliphatic
and cyclic sulfides, Thiophenes were not present; since they are relatively
strong infrared absorbers, any significant amounts would have been
detected.

Summary

Chemically, primary tar is composed of about 26 per cent tar acids,
4 per cent tar bases, and 70 per cent neutral oil, The make-up of Texas
lignite tar by classes of chemicals is summarized in Table 5. Considerably
more effort will be needed to obtain more detailed data, This is particularly
true for the constituents in the high-boiling fractions of the tar, In any one
of the classes of chemicals, a large number of individual chemical com-
pPounds are present.
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TABLE 5. SUMMARY OF CHEMICAL CLASSES IN TEXAS LIGNITE TAR

Tar acids
26%
Low-boiling ~ 5% - phenols, cresols, xylenols, ethylphenols
High-boiling - 21% - phenols, naphthols, indanols, polyhydroxylic phenols
Neutral oil -
1%
paraffins - 10% - straight chain, lightly branched
Olefins ~ 25% - alpha, trans-intemal, teruary
Aromatics ~ 21% - benzenes, naphthalenes, hydrindenes, indenes
Polar compounds - 14% - ketones, suifides, nitriles
Tar bases
e

Heterocyclics - 4% - pyridines, quinolinés
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STUDIES ON LOW-TEMPERATURE LIGNITE TAR
III. STUDY OF LOW-BOILING TAR ACIDS

by

J. Brewer and Clara D, Smith*
Battelle Memorial Institute
Columbus, Ohio

This paper will describe the analysis of the lignite tar-acid fraction
boiling below 235 C to determine the relative amounts of phenol, cresols,
xylenols, and ethyl phenols in low-boiling tar acids. Some work has been
previously described in the literature with respect to the analysis of alkyl
phenols in the range of the low=~boiling tar acids. Recently the emphasis
has been on gas~-phase chromatography or a combination of gas-phase chro-
matography and infrared.(l,2,3,4)** However, this technique was not
available at the time the analysis was needed. Shortly after this work had
been completed, a paper by Fair and Friedrich(5) was published concerning
the analysis of alkyl phenol mixtures by infrared. The present work differs
from that of Fair and Friedrich and other previous work on tar acids(6,7, 8)
in that, by this method, the tar acids are converted into methyl ethers and
the analysis carried out on the ethers.

The conversion to methyl ethers minimizes the possibility of ambigu-
ities due to thermal and oxidative effects and has several advantages from
an infrared point of view. It eliminates a band-overlap problem encoun-
tered with the free acids and gives materials that are liquid at room tem-
perature, eliminating the need for solvents.

Experimental Procedure

A crude distillate wds caustic washed, the separated sodium deriva=-
tives benzene extracted, and the tar acids then sprung with acid. The re-
constituted tar acids were methoxylated according to the method of Rowe
and Bannister, et al. (9), and the unconverted portion subjected to a second
treatment. The combined yield was 95 per cent. Infrared showed little
difference in the two sets of ethers, which indicated that methylation had not
concentrated any particular tar-acid ether. The methyl ethers were

*Present Address: Infrared Spectroscopist at Evansville, Indiana,
* The superscript numbers refer to literature references listed at end of paper,:
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combined and fractionally distilled through a Podbielniak Hypercal column at
reflux ratios of 20/1 to 40/1 at one atmosphere under nitrogen. Seventy-
seven cuts were taken up to the boiling point of 3, 4<xylenol methyl ether,

the highest boiling isomer. The boiling points of the cuts were plotted
against weight per cent of the charge distilled as shown in Figure 1. Even

- when the distillation was taken to a point corresponding to ten:additional
cuts, the residue was still fluid, indicating little polymerization or decom-.
position... However, the material boiling above.Fraction 78 ‘consisted of

' methyl ethers of tar ac1ds w1th bo11mg pomts above the xylenols

From ‘the. bo111ng-pomt curve cuts werTe - chosen for spot checkmg by
infrared. * : At the points on thie.curve where the- bmhng point fose sharply,
-the rise was bracketed by choosmg cuts on either"side. From the spectra
of these cuts;" it was determined that cuts in some boﬂlng-pomt ranges
could be recombined for analysis. .The first seventeen cuts were anisole
{methyl ether of phenol). From thé total weight of these cuts plus a per--
centage of several follow1ng cuts, the per cent of phenol could be easily
calculated, Cuts 23 through 53 were combined and analyzed for the three
‘metliyl anisole isomers. Cuts 54 through 77, however, nece551tated a cut-
by-cut analysis for five to six components per cut.

Pure methyl ethers of phenOL and the cresols for use as standards
" were available by direct purchase. Methyl ethers of the xylenols were pre-
- pared at'Battelle from ,)urchased xylenols. The ethyl phenols had to be both
synthesized and methylated at Battelle. For boiling points of the standards,
see Table 1. o

TABLE 1, ANAL‘YTICAL WAVELENGTHS OF METHYL ETHERS OF LOW-BOLLING TAR ACIDS

Analytical
. Boiling Range Absorption Baad, | -Baseline Used,
Methyl Ether " of Known Ethers, C " ) ’ P
Methoxybenzene 152-154 o 14,47 12, 52~14. 90
2-Methylmethoxybenzene - 170-172 14,01 12,52-14,90
4-Methylmethoxybenzene . 173-174 12,23 © 7 10,70-13,65
3-Methylmethoxybenzene . 175-176 14,49 T . '14.20-14,90
2, 6-Dimethylmethoxybenzene 181,5-182.5 - 9,15 - 7.50-9.25
-2=Ethylmethoxybenzene - 184,5-185.5 13,30 - 12.90-13,90
2 S‘Dimet_hylmethoxybenzene' 7 189,5-190.5 . " 8,68 T 1.50-8.25
. : o 11.85} ’ 11.15-13.45,
2, 4-Dunethylmemoxybenzane -0 190,5-191.0 . - Co.8MY - T7.50-9,25
S o 13.29} .7 .13,10-13,70
-'Ethylmemoxybenzene : : . 192,0-193.0 14,41 © 13,75-14.90
3, 5-Dimethylmethoxybenzene - 194,5-195,5 ’ 9,33 9.20-9,80
4~Ethylmethoxybenzene 195,5-196.0 12.07 o 11, 15-13.45}
: ] 8. 52} - 7.40-9,20
2, 3-Dimethylmethoxybenzene 195,5-196,0 9.02 - : 7.40-10,40
3, 4~Dimethylmethoxybenzene 200,5-201.5 .8,30 7.40-10,40

* The infrared insrument used for this work was a Perkin-Elmer Model 21 Spectiophotometer with sodium
chioride oprics,

PO Ny
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Spectra were obtdined on the standard methyl ethers in the same cell
to be used eventually for the samples. A continuous check was maintained
on the cell to make certain no change in cell thickness (0.0053 mm) oc-
curred. From the spectrum of each standard methyl ether, a band (or
bands) was selected for measurement of the ether in a2 mixture. The par-
ticular wavelength chosen for measurement was selected on the basis of:
(1) minimum interference at that wavelength from absorption due to other
ethers which, from boiling points, might reasonably be expected to occur in
the same cut; (2) a relatively strong band compared with the rest of the
spectrum; and {3) conformance with Beer's law as checked by analysis of
synthetic blends. The selected wavelengths for each compound are noted in
Table 1.

~

Band intensities at each selected wavelength in standards and samples
were measured by the baseline method. Table 2 gives optical densities of
the standards at each selected wavelength. Horizontally, across the table
the underlined figure is the optical density in the 0.0053-mm cell of the
band chosen for analysis. The other figures indicate the relative amount of
interference from the other methyl ethers at the selected wavelength. Per-
centages of individual components were calculated by solution of simultane-
ous equations. The method of successive approximation was used.

TABLE 2. ABSORPTION COEFFICIENTS AS MEASURED FROM METHYL-ETHER
” STANDARDS OF XYLENOLS AND ETHYLPHENOLS

Substituted 2, 6~ 2+ 2,5« 2,4~ 3= 3, 5~ 4= 2,3~ 3,4~
Methoxybenzene Dimethyl Ethyl Dimethyl Dimethyl Ethyl! Dimethyt Ethyl Dimethyl Dimethyl

2, 6~Dimethyl 2290 =, 002 .003 .000
2~Ethyl -, 108,802  -.003 157 =115
2,5-Dimethyl (1)  ,011 020 2470 .100 420 124 .006

2 -.088 L1038 =007 . 006 048 -, 004
2,4-Dimethyl(l) 088 156 .030 709 044 -, 002 .220

o)) .011 .160 . -.022 004  ~,005 =120
3~Ethyl L026 =002 . ,000  ,310 044 035,000
3, 5-Dimethyl .005 -.004 L048 437,007 -.069 005
4~Ethy1 (1) .012 L000  -.023 439 523

¢) .06 .041 .020  ,080  ,330 ~,051 010

2, 3-Dimethyl 014 017 000 -, 004 L052 871,129
3, 4-Dimethy] -.009 L017 000 311

The accuracy for this work is probably about +10 relative per cent.
The accuracy of the analysis could be considerably improved by use of aver-
age optical densities obtained from duplicaté or triplicate spectra of sam-
ples and standards instead of the single determinations used in this case.




'
"
I
)
)
2
y
§

P

e T e e

E N

e s s

yaad (PR

L

~-101-

Results

Table 3 shows the tar-acid composition based on the analysis as per-
formed on the ethers prepared from lignite tar.
mary tar used for this work contained about 0. 8 per cent of phenol.

By calculation, the pri-

TABLE 3. COMPOSITION OF Cg THROUGH Cg TAR ACIDS AS CALCULATED FROM

INFRARED ANALYSIS OF THEIR METHYL ETHERS

Relative Amounts of Isomers of Concenmration Per Cent of Each Tar-Acid

Each Type of Tar Acid,

Isomer in Respect w Total Amount of

Compound weight per cent Tar Acids Identified
Phenol 100 Phenol 27
2-Methylphenol 29 . 13 .
3-Methylphenol 39 > Cresols 17 > 44
4-Methylphenol 32 14 ‘
2, 3-Dimethylphenol 12 3
2, 4-Dimethylphenol 32 6
2, 5-Dirmethylphenol 19 Xylenols 3
2, 6-Dimethylphenol 5 yleno 1 (18
3, 4-Dimethylphenol 14 2
3, 5=Dimethylphenol 18 3
2-Ethylphenol 17 1 . 2
3-Ethylphenol 32 Ethylphenols 3 11
4-Ethylphenol 51 5
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STUDIES ON LOW-TEMPERATURE LIGNITE TAR
IV. STUDY OF HIGH-BOILING TAR ACIDS

by

D. C. Rowlands*, W, H. Powell**, and E, Jack Kahler
’ Battelle Memorial Institute
Columbus, Ohio

Introduction

The purpose of the present work was to obtain enough insight about
the constitution of the high-boiling tar acids that the merits of various
possible industrial outlets might be properly considered, It was desired to
demonstrate the presence of various molecular types in specific vacuum-
distillation fractions, and where possible, to make a logical estimate of the
proportion in which these types were present,

-Summary

Adsorption chromatography paper and gas partition chromatography,
nonaqueous titrations to determine average equivalent weights, infrared
spectroscopy, mass spectroscopy, and certain specific color reactions to
identify classes of tar acids were all used in this study, The types of
compounds identified by these techniques are shown in Table 1, No one
class of tar acids was predominant, but the presence of the various classes
of compounds varied with the boiling range being studied. In general it may
be said that the alkyl side chains appeared to consist primarily of methyl
and ethyl groups.

%present address: Chemical Abstracts, Columbus, Ohio.
“Present address: The Ohio State University, Columbus, Ohio.
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TABLE 1. CLASSES OF COMPOUNDS IDENTIFIED IN HIGH-BOILING TAR ACIDS
(1) Alkylphenois with the total number of alkyl catbon atoms being from 3 to 6 ‘
(2) Catechol, resorcinol, and hydroquinone and their alkylated derivatives ‘
\
(3) Trihydric phenols (probably a small quantity)

- —

(4) Indanols and alkylated indanols

(5) Naphthols and alkylated naphthols

(6

<

Higher molecular weighi polynuclear phenols

(T) Ketones (appeared in all 18 distillation fractions of high-boiling tar acids)

(8 Indenols and acenaphthols were tentatively identified by mass specmography in addition to classes noted
above

S N

Experimental and Discussion

‘Preparation and Preliminary Examination ’ /
of Tar-Acid-Fractions t

A broad cut of crude tar acids was obtained from vacuum-flash
distillate of primary tar by caustic extraction, The crude tar acids were
distilled under vacuum, and a rough cut {bp 200-335 C/1 atm) was collected
for subsequent study, This cut was fractionated at reduced pressure
through 2 65 x 2, 5-cm OD column packed with 1/8-inch glass helices,
Atmospheric boiling points at vigorous reflux and refractive indices of the
collected fractions are shown in the left-hand portion of Figure 1, The
right-hand portion of Figure 1 indicates the results of titrations for
carbonylic content By the use of hydroxylamine hydrochloride.(l)* This .
was attempted after qualitative infrared scanning indicated the presence of
carbonylic components, The figures for weight per cent of carbonylic com-
pound were calculated with the aid of molecular-weight approximations
based on nitrogen analyses of 2,4-dinitrophenylhydrazones, The presence
of compounds which are probably not phenols and pbssess the carbonyl
function was unexpected since the precaution was taken of cross extracting
the caustic solution of tar acids during their isolation,

Equivalent weights of the various fractions as shown in the right-hand
portion of Figure 1 were determined by nonaqueous titration with sodium
methoxide in pyridine(z) and have been corrected for content of carbonylic
compounds, '

‘References are located at the end of this paper.
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The tar acid equivalent weights, shown in Figure 1, indicate that the
content of dihydric phenols varied with the boiling range, but probably their
proportion never exceeded one-fifth of the tar acids in any given boiling
range,

It may be noted that tar-acid equivalent weights were reflected to
some degree in changes in the refractive indices as presumably were also
changes in content of alkyl side chains and concentration of polynuclear
phenols.

Tests were made with 2,4,7-trinitrofluorenone reagent(3,4) to
determine whether appreciable quantities of polynuclear phenols were
present in specific distillation fractions. Only a slight positive test was
obtained for Fractions 7 through 9; however, Fractions 10 through 18 gave
a strongly positive test for polynuclear phenols,

In order to determine the presence of hydro-polynuclear phenols,
dehydrogenation experiments combined with ultraviolet characterization of
the products were attempted. The method worked well with known com-
pounds, but no dehydrogenation was obtained with Fraction 12, either be-
cause the palladium catalyst had been poisoned by sulfur compounds or
because no significant amount of hydro-polynuclear phenols was present,

Chromatography of Tar-Acid Fractions

Column and partition chromatography were also used in this investi-
gation. Both of these techniques have been used previously to separate
mixtures of tar acids. (3,6,7) Fraction 3 was selected to determine a
procedure, since many of the tar acids boiling in this range had already
been identified as described in the previous paper of this series, Infrared
examination of each cut obtained from the chromatography of rather large
samples {1-10g) on a large column* showed that, qualitatively, appreciable
separation was being achieved, Moreover, the same relative degree of
separation was obtained whether the tar-acid methyl ethers** were
chromatographed on activated alumina, or the free tar acids on a silicic
acid-celite mixture, In fact, a few specific compounds could be identified
by characteristic infrared bands, This procedure was sufficient for this
relatively low-boiling fraction, but for the higher-boiling fractions, which
were more complex, it was necessary to supplement the infrared study of
each cut with paper or gas partition chromatography.

First, a study was made of the column and paper chromatography of
selected known phenols, both separately and in known mixtures, A one-
milligram sample was developed on a 13 x 200-mm column of silicic acid

*Sizes ranged from 1 x 35=imto 2 x 67~in, columns.
- ®Prepared by the method of Woolfolk, Golumbia, et al., Bulletin 487, U. S. Bureau of Mines (1950), p- 34.
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with 15 per cent ether-petroleum ether. The column was then extruded and
streaked with alkaline permanganate solution, All classes of phenols reduce
the permanganate to brown MnO,. The column was also streaked witha 2
per cent solution of phosphomolybdic acid and exposed to ammonia vapors.
It is known that catechol and hydroquinone develop a blue color before
exposure to ammonia vapors, whereas all other phenols develop a blue
color after exposure to ammonia vapors. (8) The band positions in milli-
meters from the top of the adsorbent are shown in Table 2, It can be seen
that a reasonable separation was achieved, Various classes of phenols
could be identified from synthetic mixtures,

"Known phenols were developed by the ascending method with a
benzene-acetic acid-water mixture on a strip of Whatman No, 1 filter
paper. This developer is known to separate dihydric phenols easily from
alkyl phenols. (7) An excellent separation could be achieved, and here
identification of individual phencls could be made from synthet1c mixtures
as shown for three phenols in Table 3. Further, the relative concentration
and the amount of substitution of each phenol could be estimated. After
these preliminaries, a detailed study of Fractions 6 and 12 was undertaken.
Where applicable the same techniques were used for other fractions,

Study of Fraction 6 Tar Acids

Fraction é of the tar acids was chromatographed on a large silicic
acid-celite column and developed gradiently with ether-petroleum ether
mixtures. Each of the 300, 10-ml cuts was tested with the phosphomolyb-
dic reagent and ammonia. Dihydric phenols were found in Cuts 176-300,
For further study, these cuts were combined systematically into four
composites, Table 4 shows the results of the study of each of the
composites, o

It is known that ortho and para dihydric phenols reduce ammoniacal
silver nitrate solution, whereas meta dihydric phencls do not, (8) When
each composite was tested with this reagent, Composite 3 gave a very
faint test and Composite 4 a strongly positive test,

Infrared examination showed that, although each composite was
complex, some information relative to compound types could be obtained.
For example, it could be shown that the first two composites were
structurally similar, They were predominantly alkyl phenols with 4 to 6
side-chain carbon atoms consisting mainly of methyl and ethyl groups,
Composite 2 showed less aliphatic ©H absorption and had three absorption
bands corresponding to 5-indanol. The first three composites all showed
a carbonyl contaminant, estimated at about 10 per cent, Composite 4
showed very little aliphatic CH absorption, probably less than an average
of two carbon atoms per ring. The aromatic position bands showed 3 or 4
adjacent ring hydrogen atoms, indicating catechol derivatives,




TABLE 2. CHROMATOGRAPHY OF KNOWN PHENOLS ON SILICIC ACID
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Phenol Band Position, mm
Hydroquinone 0-10
Hexylresorcinol 2-8
Catechol 8-20
B-Naphthol 30-55
p-Phenylphenol 45-65
5-Indanol 60-90
p-t-Butylphenol 710=-100
Octylphenol ) 95-120

TABLE 3. Rf VALUES FROM PAPER CHROMATOGRAPHY OF KNOWN
PHENOLS WITH BENZENE-ACETIC ACID-WATER (3:3:1)

Rf Values

Phenol Literaturel D Found
Hydroquinone 0.12 0.12
Resorcinol 0.13 --
Catechol 0.36 0.33
4-Methylcatechol 0.46 --
4,5~Dimethylcatechol 0.52 -
3-Methylcatechol 0.60 .-
3,4~-Dimethylcatechol 0.71 -~
3, 5-Dimethylcatechol 0.71 --
3-Ethylcatechol 0. 80 --
S-Indanol 0.99 0.94
Alkylmonohydric phenols About 0. 99 --
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TABLE 4. CHARACTER OF COMPOSITES OF CUTS OBTAINED FROM CHROMATOGRAPHY
OF FRACTION 6 ON SILICIC ACID - CELITE

Phosphomolybdic
wWt. % Refractive Ammoniacal Acid Test
Composite Cuts Recovered(®) Index AgNOg Test Before NHg  After NH3  Conclusions
1 51-56(P 48 1.5351 .- -- + Alkylphenols,
indanols,
no dihydric
phenols
2 87-98 10 1.5472 -- -- + Same as above,
more indanols
3 . 97-1175 21 - Faintly + -- . + - Alkylphenols
and indanols,
some dihydric
phenols
4 176-318 22 -- + + + Highly
substituted
B mostly
dihydric
phenols
(a) Over-all recovery, 75 per cent.
(b) The first 50 cuts were only solvent.
TABLE 5. PAPER CHROMATOGRAPHY OF COMPOSITE CUTS OF
CHROMATOGRAPHED FRACTION 6 TAR ACIDS
Intensity
Composite Rf Value Size Factor Remarks
1 All on solvent front -- Alkyl phenols and indanols; no dihydric phenols
2 A1l on solvent front -- Same as above
3 0.53 1 Predominantly alkyl phenols and indanols, possibly some
0.73 1- substituted catechols
0.81 3
0.97 9 -
4 0.12 <1 Predominaatly catechol and substituted catechols. Small
0.33 4 amount of alkyl phenols and/ot indanols.
0.45 3
0.58 6
0.83 2
0.97 1
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Table 5 shows the results of paper chromatography of each composite.

The intensity-size factor of each spot was a visual estimation and was an
indication of concentration, The results of this study confirm the con-
clusions drawn from infrared examination,

Study of Fraction 12 Tar Acids

Fraction 12 was so complex that even the procedure followed for
Fraction 6 was not satisfactory. In place of the paper chromatography,
gas chromatography was used, A sample of Fraction 12 tar acids was
methylated as quantitatively as possible and chromatographed on activated
alumina, developing gradiently with ether-pentane mixtures, Then, 10 to
20-microliter samples of selected cuts were gas chromatographed* and
separate cuts were collected, Figure 2 shows the chromatogram and the
degree of resolution obtained, Infrared examination of each of the cuts
from the gas chromatographic separation showed that indeed a good
separation was effected, Most of the cuts were simple mixtures composed
of only a few compounds, In fact, Cut 7 was found to be pure 2-methoxy-
naphthalene. If more reference spectra of methyl ethers of penols,
naphthols, and indanols had been available many more compounds might
have been identified,

Table .6 shows a summary of the fractions of tar acids and the in-
formation that we can give about them at this time. Upon long standing,
Fractions 12, 13, 14, deposited up to 6 per cent of the same solid ma-
terial, From paper chromatography and infrared study, this solid ma-
terial appeared to be a pure alkyl-substituted dihydric phenol, such as a
substituted hydrogquinone,

Mass Spectroscopy of Tar Acids
in Methanol Solubles

A sample of methanol solubles was supplied to Dr, Irving Wender of
the U. S. Bureau of Mines at Bruceton, Pennsylvania, This material was
analyzed by mass spectroscopy using a low ionization voltage to suppress
all but the major peaks. Table 7 summarizes the spectrogram obtained
with relative peak heights at the highest sensitivity. - No effort was made
to assign quantitative values to the various mass numbers as standards
were not run, These data support the evidence obtained in the work just
described, and it is evident that a large number of homologues are present
for each tar-acid nucleus, The series of tar acids that fit the indenol and
acenaphthol families are of interest, as these were not identified in the
chromatographic work. Dr, Wender also obtained spectrograms for the
trimethyl silyl ethers of the methanol solubles and obtained much the same
pattern except the whole series was shifted to higher masses.

*A modified Recco Distillograph Model D-2000. Research Equipment Corporation, Oakland, California.
Runs were done at 230 C on a 10-foot column of crushed firebrick coated with Apiezon N grease.

~




A T AT Ty

~ T

- —

— e

A e e e bt I e

S

~

6
L]
= 3
[+
> .
= Air peak
=
l ~
0 | ]
o] 5 10
6 Time, min
"
=3
[~]
2
Z
] 1 1 ] L
° 30 35 30 35 50 —%5
6 Time,min
w 31 1
>
3 2
Z i3
= 14
0 ] | ] |
55 €0 €5 70 75 T
Time,min A-20426
FIGURE 2. GAS CHROMATOGRAM OF CUT 5 FROM CHROMATOGRAPHY OF

FRACTION B-12 TAR ACID METHYL ETHERS ON ALUMINA




-112-

TABLE 6. SUMMARY OF INFORMATION ABOUT FRACTIONS OF HIGH-BOILING TAR ACIDS

Approx. Equiv. Wt '
Fraction B. P. of Phenols Remarks
/
.1 199 116 C1-Cy alkylphenols /
2 213 123 C1-Cq alkylphenols
3 223 140 Cg=Cq-Cy alkylphenols
/
4 229 140 Cq-C, alkylphenols; races of catectiols
5 2317 129 Cg-C4-Cj alkylphenols; traces of indanols; catechols and/or
substituted catechols, 22 per cent
6 245 126 C3-C4-Cjs alkylphenols; indanols; catechols and substitured
catechols, about one-fifth of the fraction
7 253 127 Similar to Fraction 6, possibly more indanols and substituted
catechols ¢
8 262 117 Mote substituted catechols; traces of resorcinol
] 269 129 Highly substituted catechols; traces of resorcinols R
10 278 131 Similar to 9; about 20 per cen: dihydric phenols, some substituted
resorcinols; traces of polynuclear phenols
11 286 143 Traces hydroquinone; possibly polynuclear phenols :
12 293 146 . 2 per cent solid material, probably a substituted hydroquinone; no
evidence for hydrogenated polynuclear phenols; definitely
polynuclear phenols
13 298 153 6 pet cent of same solid as 12; polynuclear phenols
14 305 172 4 per cemt of same solid as 12; low dihydric content; polynuclear
phenols
15 - 157 Dihydric polynuclear phenols or rihydric alkylphenols
16 312 167 Polynuclear phenols
17 318 174 Polynuclear phenols
18 ‘3% 115 Polynucleat phenols
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TABLE 7. MASS SPECTROG&APH OF TAR ACIDS IN METHANOL SOLUBLES

Relative Peak Heights for Indicated Tar Acids(3)

OH R
OH OH OH ' OH OH
: Q- G
< el R
H 34 ki 9 5.5 1.7 5.0
Cy 71 17 16 13.8. 3.2 4.2
Co 60 L17.5 18.6 15 3.2 —-4.1
Cs 29 3.4 14.1 8.6 2.0 3.1
Cy 9 2.3 7 3.8 1.7
Cs 5.2 1.0 2.4 1.4
Cg 4.0 1.0 1.2
Cq 2.5 1.0
Cq 1.0
(a) Peak heights below a value of 1.0 are not noted.
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An Improved Evaluation of Electrode-Binder Pitches
Using the Campressive Strength of Test Electrodes

by H. L. Jones, Jrr, A. W. Simon, and M, H. Wilt
Mellon Institute, Pittsburgh 13, Pemnsylvania

Introduction

One of the major uses for coal-tar pitch is as an electrode binder for
Soderberg electrodes in the aluminum industry. The accepted method of determlning
whether a pitch is of suitable quality for use in production electrodes is to
prepare and bake a test electirode using the pitch and a standard calcined petroleum
coke, and then to determine the compressive strength and other physical characteris-
tics of the electrode. . However, there appears to be very little published in the
literature on the methods used for preparing and testing carbon electirodes. One

method is deseribed,l) but it involves the preparation of relatively large electrodes
“ (approximately 6 inches in diameter and 8.5 inches long), which necessitates the use

of large and expensive equipment for mixing and baking. An improved modification
of this method was developed so that readily available laboratory-size equipment
could be used to prepare a2 bateh of four test electrodes, 1.25 inches in diameter
and 4 inches long.

This procedure was used in a program to relate varicus properties of a
pitch to its electrode-~binder characteristics.

Experimental

Preparation of Test Electrodes

The electrode paste which is made from a mixture of the pitch and petro-
leunm coke particles (see Table I) is baked in a graphite mold. The molds are
prepared from graphite rods 1-5/8 inches in diameter (National Carbon Campany,

Type AGX or AJX) which are cut into pieces 5 inches long. A hole 1-1/4 inches in
diameter is drilled throughout the length of each piece. The drilled hole is reamed
with a tapered reamer so that the inside diameter of the one end is 1-9/32 inches
and the other end is 1-1/4 inches. This taper permits easier removal of the elec-
trode sfter baking. The inside of the mold is then lined by gluing in a layer of
Kraft wrapplng paper. A template is then used to aid in driliing 96 vent holes
0.076 inches in diameter (#48 drill) through the graphite shell of the mold (see
Figure 1). If desired, the molds can be reused several times by cleaning, relining,
and punching vent holes in the liner. ’

The pitch is broken into small pieces and placed into a steam-jacketed,

vone-quart sigma blade mixer (Charles Ross and Son) where it is melted at a tempera-

ture of about 130°C. For pitches with a softening point of about 90°C, ten minutes
is usually sufficient. The mixer blades are placed into motion, and the previously
heated (120-130°C) petroleum coke particles are added starting with the coarsest
fraction and allowing five minutes of mixing between the addition of fractions.

After the last fraction is added, the paste is mixed for five minutes.

¥ present Address: Atlas Powder Company, Wilmington, Delaware
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Table I '

Composition of Paste Used in Preparing Test Electrodes

Component Weight, g Weight Per Cent
4
Pitech 262.8 31.1 4

Calcined Petroleum Coke i’

10 to 30 Mesh™ 116.7 13.8
30 to 50 Mesh 93.4 1.0
50 to 100 Mesh 110.0 13.1
100 to 200 Mesh 75.9 9.0
200 to 325 Mesh 58.4 6.9
325 to Pan 128.2 1541
Total 846.3 100.0

* U. S. Standerd Sieve Sizes - ;

While the paste is being mixed, four of the graphite molds are heated to
about 120°C using an electrical beaker mantle in which the molds rest om a flat
graphite plate. The molds are gradually filled in turn with small porticns cf paste
taken directly from the mixer using a metal rod ag a tamper to achieve a uniform
density. The paste behaves as a heavy fluid after it has been evenly packed in the
mold, Each mold is filled to within one-haelf inch of the top. !

The filled molds are then allowed to cool and the paste forms a hard solid, R
Two grems of petroleum coke particles, 200 to 325 mesh, are placed om top of the |
solidified paste. The four molds are placed in a holder (Figures 2 and 3) which is
used during the baking., Nine-pound steel weights are placed om top of the paste to
gimulate somewhat erudely the weight of -the unbaked paste above the Soderberg elec-
trode in an actual furnace. The weights are kept in place and guided by the top of
the mold holder. . ’

Description of Baking Apparatus

A schematic diagram of the entire baking assembly is given in Figure 4.
The electrodes are baked in a specially designed retort fabricated frem type 310
stainless steel (Figure 5). Openings are provided for a chromel-alumel thermoccuple,
the nitrogen purge gas, and an exit tube for the vapors carried out by the gas. The
exit tube is wrapped with nichrome heating wire to prevent the pitech vapors from
condensing. The furnace used is a Hevi Duty Mcdel 506 electrical crucible furnace
with an opening 5 inches in diameter and 9 inches desep. A Brown Instirument Ccmpany
cam-type program controller is used to control the baking cycle over the range from
25 to 1000°C. Due to the slow response of the thermccouple inside the retort, a
gecond thermocouple placed near the furnace heating element is used as the controlling
point. Controller cams were prepared by irial and error in order to obtain the
proper iemperature program as measured by the thermocouple inside the retort.

Baking of the Electrodes

The holder containing the molds is placed in the retort, and the top is
bolted on using a metallic gasket to obtain an airtight seal, Nitrogen which has
been passed over copper gauze at 600-650°C to remove traces of oxygen is used as an
inert atmosphere to prevent oxidation inside the retort during baking and ccoling.
The electrodes are baked according to the schedule given in Table II. After the
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retort has cooled to 150°C, the molds containing the baked test electrodes are
removed, The electrodes are carefully removed frcm the molds by pressing them out
with the aid of a hydraulic press.

Table II

Baking Schedule for Test Electrodes

Temperature, C _ Time, Hours
25-200 2.0
200-500 12.0
500-1000 8.5 .
Soak at 1000 1.0
Total 23.5

Electrical Resistivity of the Electrode

The test specimen is prepared for the electrical resistivity measurement
by facing off each end on a lathe so that the ends are parallel and the distance
between them is 3-1/8 inches. The resistivity is then measured with the apparatus
shown in Figure 6. The specimen is firmly secured between the brass plates. The
fixed brass points (3.0 inches apart) to which the potenticmeter leads are attached
are placed against the electrode and held firmly in place by a 1000 g weight. A
knovn current is passed through the electrode by closing the circuit, and the poten-
tial drop is measured with the potentiometer. Four readings, 90 degrees apart, are
taXen around the circumference of the electrode and averaged. The resistivity is
then calculated from the following formula:

£ = resistivity (ohm-cm) = Z4
where E (volts) is the potential drop, A (sq cm) is the area of the end of the
electrode, I (amp) is the current in the system, and L (cm) is the distance between

the contact points.,

Apparent Density

The apparent density of the test specimen of the electrode in grams per
ce is determined directly by dividing the weight (in grams) by the total volume
(in cc's).

Compressive Strength

Each specimen is then cut on a band saw to obtain two pleces, which after
grlndlng on a surface grlnder in a special holder (Figure 7) to obtain parallel ends,
yield pieces 1.25 inches in height,

The compressive strength of each piece is determined on a ecompression-
testing machine (Tinius-Olsen Company) using a ram speed of 0.05 inches per minute.
The results of all the determinations (usually 6 to 8) are then averaged.

Results and Discussion

The preliminary work on developing the method was based on the use of a

4e»héur baking cycle. In order to shorten the amount of time involved in obtaining
results, baking cycles of 15 and 23.5 hours weré itried. The results obtained for




four different pitches are given in Table III.
range studied the length of the baking cycle does not have a sigmificant effect on
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The data indicate that over the

the compressive strength. However, with the 1l5-hour cycle, the elecirodes showed

a tendency to develop cracks on the surface..
was adopted as the standard baking period.

Table III

Effect of Length of Bakins Cycle on the

Compressive Strength of the Elecircde

Pitch™

e e

* See Table IV for pitch properties.

Because of this, the 23,5-bour scheduls

Compressive Strength, kz/sq cm

15-Houz

P s
3

Table IV

470
295
297
319

23. 5-Hour

Lb-Hour

481
281

295
335

Proverties of Pitches Used for Prevaring Tegt Flectrodes

Softening Benzene Coking Characteriza- Ccmpressive

Piteh Point, ¢ . Insoluble, Value tion Factor Strength,
Sample Cube-in-Air2) wt %3) Wt 545 Mo, 1* xe/sq cm

A 86.0 26.2 53.4 1.82 97.2 463

B 88.2 13.0 49.8 1.60 79.7 357

c f88.6 31.7 53.5 1.71 91.5 426

D 89.0 33.2 58.6 1.80 105.5 349 -

E 89.2 20.2 51.9 1.64 85.1 394

F 90.2 32.6 57.1 1.93 110.2 577

G 90.6 17.5 50.2 1.78 89.4 461

H 9l.1 2122 50.1 1.75 87.7 424

I 93.5 29.7 54.1 1.87 101.2 492

J 94.9 28.0 52.7 1,76 - 92.8 - 541~

K 103.0 30.8 56.4 1.83 103.2 495

L 106.3 27.9 59.5 1.7 106,5~ 470

* Coking value multiplied by the atomic carbon:hydrogen ratio.

Compressive strength determinations, electrical resistivities, and appérent
densities for a typical batch of test electrodes are given in Table V.

compressive strength determinations within a batch show a scmewhat high deviatiom,

the fact that the final compressive strength value is the average of 6 to 8 results
gives reproducible results between batches.

duplicate determinations are given for five different pitches.

This is demonstrated in Table VI, where

i S RV S W, S, "

Although the



T e

e o

~115-

Table V

Charecteristics of Electrodes Produced from Pitch G

Whole Electrode Electrode Sections
. Apparent Resistivity, Compressive
Electirode No. Density, g/cc ohm-cm Section Strength, keg/sq cm .
h To 501
1 1.43 0.0064 Boztom 455
Top 412
2 1.41 0.0066 Bottom 445
' Top 428
3 1.40 0.0071 Bottom 458
., Top -
4 1.42 0.0066 Bottom 477
Average 1.42 0.0067 ) 454
* Not tested.
Table VI

Reproducibility Between Electrode Batches™

Compressive Strength, kg/sq cm

Pitch - Bateh #1 Bateh #2
c 429 422
D 557 541
E 380 408
G 468 454
I 512 472

It has been reported5) that a correlation existed between the compressive
strength of a test electrode and the product of the coking value and atomic carbon
to hydrogen ratio (characterization factor 1). This factor has been calculated for
the pitches used in the present study (Table IV) and has been plotted against com-
pressive strength (Figure 8). The standard deviation about the curve was calculated
to be 26 kg/sq cm or 5.5 per cent of the mean of the range of compressive strengths
observed. The data of Charette and Bischofberger indicate that their deviation was
19 kg/sq cm or 6.2 per cent of the mean for the range of compressive strengths that

‘they studied.

Summary

In order {o evaluate coal-tar pitches for use as electrode binders in
carbon electrodes, a method for preparing test electrodes and measuring their com-
pressive strengths was developed. The procedure uses laboratory-size equipment
and requires less than 300 g of pitch sample to produce a batch of four electrodes.
In addition to compressive strengths, the apparent densities and electrical resis-
tivities of the electrodes are determined. The developed procedure has proved useful
in ascertaining the binder quality of a wide variety of coal-tar pitches.
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The Surface Properties of the
Quinoline-Insoluble Fraction of Piteh

by M. S. Morgan, W. H. Schlsg, and M. H. ¥ilt
Mellon Institute, Pitisburgh 13, Pennsylvania

Introduction

The general consensus of the literature on binder materials for the pro-
duction of Soderberg electrodes in the aluminum industiry is that & cosl-tar pitch

'is the preferred binder material.l tudies directed toward establishing the most

suitable methods for the preparation of an electrode-binder pitech from a coal tar

and methods for improving the binding quality of pitches have been of considerable
interest to both the producer and the consumer of electrode-binder pitech. Although
compressive-strength measurement on test electrodes has been a satisfactory method
of sxgluating pitches for production of carbon electrcdes, this method is time-
consuming., It would be much more satisfactory to be able to predict electrode-binder
efficacy on the basis of the chemical and physical propertiés of the pitch. Only
then would it be possible to interpret the binding action in terms of piteh com-
position and perhaps to modify the pitch in a manner which would have a predictable
effect on the binder action. .

Charette and BischofbergerZ)'concluded that piteh quality, as expressed

* by the compressive strength of test electrodes, is apparently not a function of eny

pitch property taken individually, but rather of a combination of properties. These
investigators and others have considered correlations of compressive strength of
electrodes with such properties of pitch as coking value, density, arcamaticity,
softening points, and distribution of fractions produced by solvent exiraction.

One general method of characterizing pitches is that of solvent analysis.
In one such technique, the pitch is extracted first with a paraffinie solvent and
the residue is then re-extracted successively with benzene and quinoline, Martin
end Nelson3) state that "in pitch binder quality, the quinoline-insoluble (Q.I.)
fraction, essentially a nonfusible powder, is important®. )

The technological importance of the Q.I., fraction of pitch is recognized
by the inclusion of a Q.I. minimum in many specifications for electrode-binder
pitches. Information on the scientific significance of the Q.I. material is rather
scarce. It is known that the Q.I, material per se does not contribute directly to
the binding action of the pitch,45 and generally it is considered as iinert material
which may have a beneficial effect in decreasing the effect of temperature on the
viscosity of piteh.5) | Thus, one notes in the literature a tendeney to comsider the
Q.I. portion of pitch as a finely dispersed carbonaceous filler of questionable
function in the binding action of the piteh.

Because little information could be found on the surface properties of the
Q.I. fraction of pitch and because studies of the surface chemistry of carbon black
have led to a better understanding of the use of this material in the rubber indus-
try, an exploratory study of the surface properties of the Q.I. portion of piteh was
made. It was hoped that this information might lead to a bettér understanding of
the function of Q.I. material in the applications of pitch as an electrode binder.
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Experimental

For this work, a total of nine experimental binder pitches, representing
a considerable range of Q.I. content, was selected. The usual analytical data on
these pitches are summarized in Table I. Pitches 1 through 6, representing a range
of Q.I. from 2.44 to 13.1 per cent, had been prepared to an approximate constant
softening point of 90°C.  In order to achieve rather extreme variation in Q.I.
content, pitch A was thermelly treated to produce pitch B having a very high benzene-
insoluble and quinoline-insoluble content. Piteh C was produced to have a low Q.I.
content by centrifugation of a quinoline suspension of the parent tar of p:.tch A,
followed by removal of the quinoline and further distillaticnm.

Table I

Analytical Data on Experimental Pitches

Softening Benzene Quinoline Coking Atomic
Point, °C Insoluble, Insoluble, Beta- Value, Carbon, Hydrogen, C/H

Piteh C.I.A.Y Wt % Wt % Resin®™® Wt % g 3 Ratio
1 89.0 ) 33.2 13.1 20.1 56,8 93.34 4.36 1.80
2 90.2 32.6 - 12.8 19.8 57.1 93.41 4.07 1.93
3 93.5 29.7 10,58 19.1 54.1 93.31 4.18 1.87
4 94.9 28.0 9.13 -18.9 52.7 92.88 AYNA 1.76
.5 90.6 17.5 6.87 10.6 50.2 92.55 4.38 1.78
6 88.2 13.0 2.44 10.6 49.8 91.35 4. 77 1.61
A 102.3 25.5 . 12.4 13.1 56.7 93.22 4.24 1.84
B 98.5 - 50.3 35.0 15.3 64.9 - 93.48 4,00 1.96
C 95.0 25.0 4e2 20.8 51.9 93.29 4.52 1.73

* Cube-in-Air Method. . {
#* Baongzene Insoluble Minus Q.I. Equals Beta-Resin,

1 Thermal Treatment of a 74°C pitech at 380°C for 24 hours and back-tlending with 3.1
per cent of starting pitch.

2 Laborstory distillatiom of soft pitch from a production tar.
3 Laboratory distillation of 36.2 weight per cent from a production tar.

4 Elend of 88.55 weight per cent 105°C pitch (produced by distillation of light tar at
50 mm to 300°C) with 11.45 per cenmt of coal-tar distillate oil (boiling 230-270°C).

5 A production piteh after removal of n-heptane solubles.
65 Laboratory distillation of a 69°C pitch from light tar.
A A pitch produced by plant distillation of production tar.

B A pitch produced by thermal treatment of p:.tch A.to have maximum benzene-insoluble
and quinoline-insoluble content.

<2

-A pitch produced by adding quinoline to the parent tar of piteh A, centriﬁxgi.ng‘
this mixture to remove insolubles, and then distilling.

The Q.I. fractions used for the present study were isolated as follows:
A 100 g portion of pitch was crushed and ground to pass a 60-mesh sieve. The pitch
was then added slowly with stirring to 250 ml of warm (70-90°C) quinoline in a 600 ml
beaker. After 15-20 minutes at this temperature, the mixture was filtered through a
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Buchner funnel fitted with a Whatman No, 50 filter paper. The retained Q.I. were
washed vith an additional 250 ml of warm quinoline in small portions and then with :
500 ml of benzene to remove the quinoline. After air drying, the Q.I. were oven-dried
at 110-115°C for ome hour. This method of preparation gave yields of Q.I. materials
nearly equal to those obtained by the analytical procedure and reported in Table I.

Syrface-area measurements were made using the method of Brunauer, Emmett,
and Teller. The samples were degassed at 200°C for 12 hours before measuring the
nitrogen isotherm at 77°%K.

Specimen electrodes were prepared using the yarious pitches as binders
according to the procedure of Jones, Simon, and wilt.7)

Results and Discussion

The data on the Q.I. fractions of the experimental pitches are summarized
in Table II. For these particular samples, it was noted that the surface area per
gram of Q.I. tends to decrease as the amount of Q.I. in the piteh increases (Figure 1).
This trend is exhibited both by pitches 1 through 6 and by the interrelated series,
A, B, C, although the rate of change varies. This observation suggests that a process
such as thermal treatment, which tends to increase the amount of Q.I. in the piteh,
also produces an agglomeration or increase in particle size of the Q.I. material.

Table II

Data on the Quinoline Insolubles

Quinoline- Surface Surface Area Atomie
Insoluble  E.V. = Q.I.  Ares, per 100 g Pitch, Carbon, Hydrogen, cM
m2/g m2 %

Fraction Q.I. % Ratio
1 3.34 9.4 123 92.59 3.06 2.5
2 3.46 10.4 133 93.02 2.43 3.21
3 4.1 13.2 140 93.06 2.01 3.89
A 4.8 16.3 148 91,60 2.11 3.64
5 €.28 16.8 116 93,13 2.00 3.90
6 19.4 22.9 55 91.45 2.47 3.10
A 3.57 15.9 197 94.76 1.89 4,21
B 0.85 8.0 280 94,67 3.04 2.61
c 1.4 19.4 82 93.36 2.30 3.4

It is of interest to note that thermal treatment of a pitch (A) containing
12.4 per cent Q.I. with a surface of 15.9 m2/g yielded a product pitch (B) containing
35,0 per cent Q.I., but with a surface of only 8.0 m®/g. When the Q.I, content was
raduced to 4.2 per cent by extraction of the parent tar with quinoline, centrifugation
to remove most of the Q.I., removal of solvent, and distillation, the residual Q.I.
in the piteh (C) had & surface area of 19.4 n2/g.

In a number of cases (such as thHe Q.I. from pitches 6 and 2), the Q.I. was
found to be almost entirely spherical in habit (Figures 2 and 3). It will be noted
thaet the particle sizes are of the same order of magnitude as those anticipated from
surface area measurements, with pitch 6 having the smaller particle size and higher
surface area.

Having shown that Q.I. material can differ in surface area and particle
size, it was of interest to examine the surface for differences in chemical reactivity,
For this purpose, the polarographic reducibility of the surface of the Q.I. material
was determined by the method of Hallum and Drushel.8) As noted in Figure 4, the
polarographic reducibility of the Q.I. appeared to be a direct function of the surface
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area. This relationship between polarographic reducibility and surface area was
taken 25 an indication of the chemical unifcermiiy of the surface of the Q.I, materiai.
The limited number of samples examined pronidii any firm posiiion cn this indication.
However, the significance of surface reducibility miznt te mors profiiably pursusd

in the study of Q.I.'s of the same surface area wnhere diiferences in reactiviiy are
suspected. A sample of petroleum coke of ccmparable surface ares showed no raduci-
bility.

Before considering the effect of the surface area of 0
pitches on the properties of electrodes preparad fronm piiches, able d
examined for evidence of surface affecis during the coking of the piteh itseif, If
the surface area of the Q.I. is an important factor in oinding aciicn, it sesemed
reasonable to anticipate some effect on the yield of coke availabls from the piich.

If it is assumed that all quinoline-soluble meterial is available for %h

formation of coke and that Q.I. is rslatively unchenged during coking, z ploi of
formed (coking value - Q.I.) per unit weight of C.I. versus the surface areaz per unif
weight of Q.I. should give an indication of the effect of Q.I. ne

yield of coke. Figure 5 shows this relaiionship and indicates
surface area promcte a high yield of coke per unit weignt of Q.I.
B and C, produced from A, show this same qualiiaiive relaiicnst
suggests that the surface of the GQ.I. may funciion as the site

The usual test data for the specimen elecirodes are tavul in Table IIT.
The apparent density, resistivity, and compressive sirsngtin of ire ircdes 2s a
function of the amount of surface availadle from tne Q.I. in 100 g inder are
shown in Figures 6, 7, and 8, These figures show ihal apparent d2 and ¢CTmPTeSs-
sive strength reach a maximum at about 125-150 @ of surface in 1C oiter, and

the resistivity reaches & minimum in the same regiocn.

Table. II1

Test Data on Specimen Elactrodes
Prepared from Experimental Piiciss

Apparent Density, Resistiviiy, Ccmpressive Strength,

Piteh g/cm3 ohm-cm g /e
1 1.46 T 60,1 x 1074 557
2 1.47 60.3 " 577
3 1.44 65.2 " 472
4 1.45 59.0 541
5 1.43 66,8 v 468
6 1.39 70,1 n 357
A 1.45 59.6 © 490
B 1.36 7.0 " 356
c 1.46 55.5 ¢ 538

Also, these figures suggest that an optimum surface area or particle size
of Q.I. exists which permits the formation of electrodes with optimum properiiss.
The results are quite similar to those of Krylov et al, who found in their studies
of the free-carbon content of piteh that at about 16 per tent free carben ihe densiiy
and'c9mpreg§ive strength of electrodes pass through a maximum and resisiivity reaches
a minimum,

Coneclusions

o A%though the Q.I. fraction of an electrode-binder pitch reportiedly has no
binding action in itself, it is credited with beilbg imgériant to electrode-binder
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efficacy of the pitch. The actual role of the Q.I., however, remains vague. It was.
therefore the purpose or this study to examine the surface properiies of Q.I.'s of
several experimental pitches in ihe hope that some information might thus be obtained
wnich would ve helpful in elucidating tke role of the Q.I. Cn the basis of nine
different piiches, the Q.I.fs of which varied, irregularly, from 2.44 to 35 per cent,
the following =ffecis were observed:

x|

1.

e

e larger the percentage of C.I, content of a pitch, the smaller is the surface
ea per gram of Q.I., and hence the larger is the average particls size. This
s qualitatively vorne out by electiron photomicroscopy.

B

[N

2. The polarcgrapnic reducibility of the Q.I. appears to de directly related to
surface. area, an indicaiion that the reactiviiy of ithe surface is essentially

uniform.
c.7. - 9.1,
3. The yield of new coking value per gram of Q.I., .1, , 1s directly related

10 the surface area per grem of C.I. This suggests that the Q.I. surface may
serve as the site of new coke formation.

4. Evaluaticn of test electrcdes prepared {rom these pitches indicates that there
ial area tetween the Q.I. and the remainder

of the piten. In %his range, the apparent density and compressive sirengih of

the electirodes pass through a maximum and the resistivity through a minimum.

This study 2as been an examination of some of the parameters of the Q.I.
vbich might shed lighi on its function in the piteh. It is noped that these prelimi-
12ry, gensralized irends of some Q.I. properties will be useful to investigators who
ars currently exploring this field.
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Figure 3. Photomicrograph of the Q.I. of Pitch 2, Illustrating
a Q.I. of Low Surface Area
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X~RAY ANALYSIS OF ELECTRODE BINDER PITCHES AND THEIR COKES

Sidney S. Pollack and leroy E. Alexander
Mellon Institute, Pittsburgh 15, Pa.

INTRODUCTION

The highly aromatic character of electrode binder pitches permits them to be
studied by the same x-ray methcds which have previously been applied to carbon blacks ().
The wida-angle x-ray scattering patterns are similar (see Figure 1) and show that both
suostances are built up of pseéudocrystallites, or parallel-layer groups (to be referred
to in this paper as crystallites), composed of graphite-like layers together with
varying amounts of disorganized material. The quinoline soluble and insoluble fractions
and tha cokes of these pitches are also found to have a similar fine structure (Figure
). 41l these materials, then, are composed principally of graphite-like layers,
some of which are arranged turbostratically (2) in crystallites and some of which are
unzssociated. In the ensuing discussion we shall denote by D the fraction of disor-
ganized material, by L, end L. the dimensions of the crystallltes respectively paral-
1lel ard normal to the constltuont layers, by dy the interlayer spacing, by Me the effec~
tive number of layers in the crystallite, and by fj, fp, §5, etc., the weight fractions
of graphite-like layers respectively unassociated, associated in groups of two, associ-
ated in groups of three, etc.

[

The degres of physical heterogeneity of & specimen, whether it be due to the
presence of particles, pores in solid matter, or discrete regions differing in density,
is revealed by x-ray scattering at small angles. In favorable cases something can be
learred aovout the shape and size distribution of the particles, or other entities,
producing the scattering. In the present investigation we have employed the theory
of x-ray scattering by dense systems which was developed by Kratky (1 ): Porod (16),
ard coworkers (9).

For clarity the wide-angle x-ray study will be presented first. This part
of the paper will include a description of improvements in the experimental technigue
that have been adopted since the earlier report (1) and numerical results for four-
teen samples, ccmprising six pitches and their 575° C.cokes and a beta resin and its
575° C. coke. The second part of the paper will deal with the small-angle scattering
nveSulcatlon of three pitches, their quinoline soluble and insoluble fractions, the
575° C. cckes of the pitches, and a beta resin. Finally some general conclusions will
ve drawvn concerning the structure of electrode binder pitches and their cokes in the
light of both the wide- and small-angle x-ray findings.

WIDE-ANGLE X-RAY ANALYSIS.

Improvements in Experimentel Procedure. Except for certain improvements

to be described herewith, the counter diffractometric technique employed was the same

as that described previously (1). As explained by Milberg (15), in studying specimens
which are weakly absorbing to x-rays by the reflection technique, it is possible to -’
make systematic errors in measuring intensities if the receiving slit is too parrow to
permit the detector to "see" the entire irradiated volume of the sample. In the present
study such errors vere eliminated by removing the scatter slit of the Norelco goniom-
eter. In Milberg's notation this means making a large with respect to A. Furthermore,
the specimen dimensions were increased somewhat to permit intensities t0 be- measured
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over the angular range 20 = 12° to 144°., The sample dimensions were 31 mm. long x 11
mm, wide x 8 mm. deep when used with a 1° divergence slit and 0.006-inch receiving
slit.

CuKo radiation of rather high monochromatic character was obtained by using
Ross balanced filters of nickel and cobalt (11,17). Satisfactory thicknesses were
realized by varying them until both filters gave the same transmitted intensity at
the wavelength of CukB, 1.392 A,, while the Ni filter absorbed approximetely 50% of
CukKa, 1.542 A. The experimental counting rates were.corrected for resolving time
losses of the Geiger counter and for polarization in the usual wa.y'(l). Normalization
of this corrected experimental curve (A in the notation of referencé (1)) to electron
units was accomplished by fitting it to the independent scattering curve (B) of car-
bon at the angle (sin 0)//\ w 0.505, a method suggested to one of the authors by P. B.
Hirsch in a private communication. This method is Jjustifiable on the basis of calcu-
lations by R. Diamond (L) of the x-ray scattering by discrete graphitic, or aromatic,
layers of varilous sizes which demonstrate that the diffracted intensity is nearly in-
dependent of the layer dimension at this angle. As in the previous work the carbon
scattering factors of McWeeny (14) were used; however, the values of the incoherent
scattering computed by Keating and Vineyard (10) were employed rather then the earlier
data tabulated by Compton and Allison. :

In contrast to khe previous investigation (1) the present study has made use
of the (11) rather than (10) line in deducing the mean layer diameter L, of the crystal- f
lites. There are two reasons for this change in choice of (g) reflection. First, )
the reliability of the independent scattering curve of carbon is undoubtedly greater
at the larger angle involved (s = 0.84 rather than 0.49, where s = 2(sin 6)/A). Second,
as noted by Diamond (4), the (hk) scattering function'is less perturbed at this higher
angle by the (00.£) interference function since the amplitudes of its maxima decay
rapidly with increasing order, becoming negligible as a general rule for £ > 4. In
this connection it may be mentioned that experience in this laboratory indicates that i
values of Lg derived from the (10) line tend to be larger than those derived from the
(11) line, although this does not invariably hold.

INTERPRETATIVE FROCEDURE AND RESULTS

The several structural parameters, D, L,, L., Gy, M., and the fractions f;,
fp, f3, etc., have been calculated from the experimental intensity curves in much the
same way as was done in the last study. (1) As before, the (002) line profile has been
converted to the symmetrical form I' by means of the proper choice of D in the equation

, 82 I-D
T = 5068 * T o ¢ (1)

This choice of D can be made directly if equetion (1) is first converted to the form

2 2
s2 I - 51 11 2)
D = e et ) 2
522 - Slz

wherein I; and I, are the experimental intensities at two points 8 and 8, equi-
distant from the point of maximum intensity and close to the minima that lie on either
side of the (002) maximum. For example, the angles s; = 0.16 and s» = 0.40 may be
used if the maxjmum point falls very close to 0.28.

The L, dimension of the crystallites has been computed in two ways (Table
I): first, by using the Warren equation for the helght of an (hk) profile as applied
by Franklin (6) (see reference (1), equations (5) and (6)); second, from the width
of the (11) profile at half-maximum intensity using the Scherrer crystallite size
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formule with an appropriate value of the shape factor, K = 1.84, (12,19)

- 1-8]4' R . - (5)

W cos ©

Both these methods of calculating L, meke the implicit assumption that any given
specimen contains crystallites with a single uniform Ls dimension. Obviously this is
not as realistic as a distribution of L, values. Diamond (5) has recently described

a least-squares method for selecting the most probable distribution of Ig's from the
shape of an (hk) profile. Also the L. dimension has been computed in two ways: <first,
through the uEE of the effective number of layers, Mg, which makes allowance for the
distribution of M values; second, from the width of the (002) band at half-maximum in=-
tensity by means of the Scherrer crystallite size formula h

0.9 A
- k4
Le wcos © ( )

in which the shape factor is set equal to 0.9. The second method does not take account
of the distribution of M values.

The trial-and-error procedure described previously (1) was used to match the
experimental and theoretical I' profile of the (002) band. This process leads to a
picture of the distribution of M values characterizing each sample, which is to say,
the weight fractions of graphite-like (aromatic) layers combired into crystallites
composed of one layer (f;), two layers (fp), three layers (f3), etc. Although this
frequently leads to rather precise fitting of the (002) profile, it does not mean that
the solution is unique. In fact, a study of the effect of controlled variations J'gl;
g 2, 413, etc., upon the quality of the fit obtained has shown that rather large
deviations may be tolerated in f3, fp, and §5 provided only that they are mutually com-
plementary (§2 increased at the expense of §5 for example). This leads to the following
estimate of probable deviations which apply to the various f's:

f1 10.05
o, f5_ 10.03
£y, f5) g +0.02
f7, sees £1n +0.01

These limits should be kept in mind in comparing the M distributions of the fourteen
samples represented by histograms in Figure 2. These include six electrode binder
pitches and their cokes and a beta resin and its coke. To emphasize the effect of
coking at 575° C. on the association of layers, the coke histogram (broken lines) of
each specimen has been superposed upon the histogram of the corresponding uncoked
specimen (solid lines). It is evident that coking results in an increased degree of
association of layers, the histograms tending to extend to higher M's with a decrease
in the f£'s at lower M's. It is interesting to note, however, that in some cases coking
increases the weight fraction of single layers, f3, and in other cases decreases it.

Figure 3 compares the I' (002) profiles of pitch No. 3 and its coke. The
greater asymmetry of the pitch profile is typical of all the specimens studied to varying
degrees. - It is probably the consequence of a considerable variation in the interlayer
spacing, dy. The nature of the skewness can be explained by crystailites with com-
paratively few layers having larger values of QM than those with more layers. Semi-
quantitative efforts to determine the upper and lower limits on dy result in maximum
values as large as 4.0 A, if the minimum value of 3.44 A. proposed by Franklin (7)
for disordered layers 1s accepted. The presence of aliphatic material would also
contribute to skewness of the type observed, and this would result in calculated D
values which are too small. However, the aromatic content of the pitches studied is
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so high as to eliminate this as a substantial source of error.

It is not possible to achieve a completely satisfactery matching of theo-
retical and experimental profiles for such skewed profiles on the tasis of a sinzle
value of dy, as is dore in the present sckheme of aralysis. Al the same time the
mathematical complexities erising from the use of a variable ;q parameter are s0 great
as to exclude this approach in practice. It is well to bear ir mirnd, then, that the
M distributions deduced for the pitches are somewbat less reliable than those for
the cokes, which produce more symmetrical I' (002) profiles.

Table I lists the L, and L, dimensions of the crystallites {ogether with the
parameters D, dv, 2nd Me, which were described earlier. The effective number of layers
per crystallite is defined by

g, (5)
M

and Lc is then given by

L. = M, = dy ZfMM . ()
M _

In equation (6) dy is computed from the s value corresponding to the point of maximum
intensity of the I’ (002) profile using The relation

dy = L1/sgay - . (7

It is to be emphasized that a single but different experimental value of QM is derived
for each specimen,- but that a single constant value of 3.52 A. has been amployed in tne
computation of all the theoretical (002) profiles in order to keep the mathemastical
labor within bounds.

In Table II values of the "shape factor” I,/L. have been ccmputed fcr the
six pitches and their cokes as well as for the uncoked and coked beta resir. lhe
ratios make use of Iy from the (11) peak width and L. as derived from (002) prefi
matching, which are considered to be the most reliable velues. From the two tat
will be seen that the layer dimension La falls in the range 12-16 A. for ootk th
and the cokes, while the crystallite "height” L, lies in the renge 12-14 A, for iiae
but 16-19 A. for their cokes. Hence the pitch crystallltes have approximately egual
dimensions L, and L. (average La 1.07), whereas when coking occurs the crysiallites
grow more rapidly along ¢ than g (%or cokes the average La/Lc 0.77) .

- b
& F
vd o o &

From Table I it is seen that so-called "disorganized metter” comstitutes
from 30 to 50% of the mass of toth the pitches and their cckes. This is appreciably
higher than in carbon blacks where the usual limits are between 10 and 35%. It is
also somewhat surprising that the fraction of disorganized matter in pitches is not
appreciably larger than in their cokes. We may agein note in this conrection that
the presence of aliphatics would tend to result in an underestimation of D.

In order to understand what disorganized matter means we must rememper that
all x-ray interference effects, both crystalline reflections and amorphous nalos, are
the- result of x-ray scattering by pairs of atoms separated by & frequently esncountered
vector distance or by systems of atoms arranged in a periodic fashion (lattices). On
the other hand all interatomic vector distances of random, or very irregular, lengths
- result in continuous diffuse scatter which is part of the background scatter of the
diffraction record. It is this continuous scatter, indistinguishable from the theo-
retical independent scatter of isolated atoms, which is interpreted by t.e present
analytical method as being due to disorganized material. Therefore, disorgenized
matter consists only in part of fragmentary agsregates of carbon and other atoms. A
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Table I. Crystallite Structure Parameters of Six Electrode Binder
Pitches and a Beta Resin and Their 575° C. Cokes

(W-F = Warren-Franklin analysis)

D Ly (A) | Ly (A0 | L (a2) | Lo (A)|ay (&)
(w-F) | (width) (distrib.)| (width) :

Estimated Precision
(probable deviation)| +0.05| +1.5 +1.5 +0.5 0.5 |#0.03 | +0.20
1. Pitch 0.4k | 16.3 13,2 4.1 14,3 3.51 4,03
Coke 0.42 }17.1 12.0 18.8 27.8 3.48 5.41
2. Pitch 0.39 | 14,5 15.3 12.7 13.9 3.52 3,60
Coke 0.36 | 14.2 13.1 17.8 26.4 3.52 5,05
3, Pitch 0.48 | 1k.2 13.5 13.5 13.2 3.57 3.79
Coke 0.32{10.8 . [15.3 15.8 22.5 307 4,56
4, Pitch O.kk | 15.6 12.1 12.4 12.9 3.52 %.51
Coke 0.51 | 20.0 12.4 17.3 22.5 3.50 4,95
5. Pitch 0.4k | 13.4 16.4 11.8 11.8 3,60 3.27
Ccke 0.43 }18.0 k.1 18.1 24.0 3.47 | 5.23
6. Pitch 0.46 [ 10.h4 12.4 12.6 13.2 3.52 3459
Coke 0.45 }12.0 15.3 15.L 27.5 3.50 k.69
7. Beta resin 0.52 { 23.8 13.9 12.0 12.5 3.55 3.39
Beta resin coked | 0.38 |17.6 14.8 19.1 18.0 3455 5.39
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Table II. Shapes of Crystallites

(Ly/Le = ratio of diameter to height)

Sample
No. L,/L. of Pitches Ly /L. of Cokes (575° C.)
1 : 0.94 0.6k
2 1.20 0.4
3 1.00 0.97
4 0.98 0.72
5 139 0.78
6 0.98 0.31

Average 1.07 0.17

7 Beta Resin 1.16 0.78
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considerable, if not major, part consists of other atoms irregularly located with
respect to their nearer neighbors. Another way of saying this is that all departures
of the atomic arrangement in the sample from ideality (ideal graphite layers associated
in a random layer lattice), which is to say structural imperfections, will contribute
to the diffuse background scatter and be recogrnized in part as disorganized matter.
Thus the following will be interpreted, at least in part, as disorganized matter:
foreign atoms (0, N, S, H, etc.), variations in the interlayer spacing from whatever
causes, buckling of the layers due to possible non-aromatic character in certain
regions, holes in the aromatic layers, and translational irregularity in the stacking
of the layers one upon the other. J. R. Townsend (18) has made theoretical studies
which show quantitatively that this kind of stacking disorder reduces the intensity
of the (002) band and at the same time contributes to the diffuse backgrourd.

SMALL-ANGIE X-RAY ANALYSIS

Experimental Procedure. The x-ray scattering intensities at small angles
were recorded manually using a General Electric XRD-5 diffraction apparatus equipped
with a pair of identical 0.05° slit collimators (Type 49SLBE) and argon proportional
counter tube (Type ALOS52E). As in the wide-angle measurements, balanced nickel and
cobalt filters were used to provide x-ray intensities of relatively high monochromatic
character., Figure 4 is a schematic drawing of the apparatus with the receiving col-
limator (No. 2) set at the 0° 20 position so as to receive the direct beam transmitted
by collimator No. 1. The specimen is oriented with its surface normal to the direct
beam. It turns through an angle A® about the spectrogoniometer exis when the receiving
system thrns through an angle 246, as is the usual arrangement in powder diffractometers.
Although this causes the specimen to be inclined slightly when the small-angle scatter-
ing is being recorded, the x-ray absorption correction is not perceptibly changed
because of the small angles involved. This means that an absorption correction need
not be included in the interpretation of the intensity data. The slits la, 1b, 2a, and
2b are of equal dimensions, the width being about 0.04 mm. and the height being com-~
raratively very large and determined by the separation of the Soller plates. These
are sets of parallel plates with a spacing chosen so as to limit the vertical diver-
gence to a tolerable amount.

The specimen powders were packed in a rectangular window 0.2 cm. thick by

. 0.4 cm. wide by 1.38 cm. long in a brass plate, no binders or adhesives being used.

In terms of the specimen weight W, volume v, and known solid density dg, the volume
fraction of solid matter is then

macro density w

solid density d. v

The volume fraction of void space is, of course, 1 - ¢c. Counting rates were recorded
point by point from 20 = O. 04° to a maximum angle beyond which the intensity was too
lov to measure accurately without prohibitively long counting times. This upper
angular limit ranged from 0.3° for some pitches, quinoline soluble fractions, and the
beta resin to 1. 0° for all of the quinoline insoluble fractions. For each specimen the
scattering curve was recorded (a) with Wi filter, (b) with Co filter, and then with
specimen removed (c) with Ni filter, ard (d) with Co filter. The difference of curves
(c) and (d) gives a measure of the correction to be applied for parasitic scattering
(scatter due to slits, air, and other extraneous sources). The correction curve is ob-
tained by multiplying the directly measured curve by the absorption factor character-
izing the particular specimen being examined, exp (-mt), where 4« is the linear ab-
sorption coefficient of the sample and t is its thickness. The exponent AL can be
directly obtained from the weight-to-area ratio (_/A) of the specimen by the following
transformation:
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,a,t = X = X — . (8)

In this expression (/t/d ) is the mass absorption coefficient of the specimen for

x-rays and A is the area of the face of tne specimen pormal to the beam (0.4 x 1,38 =

0.552 cm.2 for the specimen holder employed). The composition of each of the specimens

wes regarded as being 100% carbon, for which_/&/gs was assigred the value measured ,
by Chipman, (3) 4.15. Hence in the present study et = 7.52 w. The intensity curve

to be analyzed was obtained from the several measured curves as Lollows:

I= (Iy; - Igols = (Iys = Tgolus exp (-mt).
Here S = sample and NS = no sample.

Interpretative Procedure and Results. For a full explaration of the inter-
pretative procedure the reader is referred to the paper by Kahovec et al. (9) Guinier
and Fournet (8) have given a condensed account of the theory ard requisite experimental
conditions. The necessity for making corrections ror finite slit heignt pas been
avoided by employing slits of large height-to-width ratio. The theory takes into
account this experimental feature implicitly, (9,16) so that the formulas presented
herewith require no modification for the "slit effect”.

The first step in the analysis of the intensity curves is to compute the

following quantities:
oo
[Ids . (9)

e =
o -
q = /Isds . (10)
I
a = lim (Isa) . (11) ’
§ ~——> o0

In these expressions s = (47sin 8)/A, or 4W6/A since § is very small. It is seen

that e is the integral scattered intensity over the ertire range of appreciable intensity.

Its value cannot be determined accurately in cases where I is still increasirpg repidly

at the lowest angle attainable. It can be shown theoretically that the scattering

curve must in & completely genmeral way approach asymptotically the line 5'3 at higher

angles, so that if the curve is multiplied by §3 a2 constant limiting value of & is

reached. When this condition is experimentally realized, it bectmes possible %o

determine the specific surface of the specimen. For some types of hetercgeneity this

asymptotic value is not reached at angles for which I is of detectable irtensity, in

which event the specific surface cannot be determined directly. -A convenient way to

apply this initial criterion is to plot intensity against s (or 20) on log-log paper

and note whether a slope of approximately -3 is reached at “the highest angles. This

log-log plot also reveals something of the type of structure of the colloidal system.

A flat mid-section means rod- or plate-like particles rather than & spherical or

granular habit, a steeper slope as the primary beam is approached indicates clustering

of particles into larger aggregates, while a decreasing slope as the primary beam is

approached denotes the presence of a considerable proportion of particles of relatively

small size, If the slope is uniformly close to -3 throughout the measurable range, /
the particles are regarded as rather uniform in size and approximately spherical in

shape. y
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If an asymptotic slope of ~3 is reached at the higher angles, the total
surface area can be computed in terms of the volume fraction of solid from & and g as
follows: :

0 = Wec (1-c)afq, (12)

from which the surface in m.? per em.? of solid sample is

0
r \'

= 40,000 (1 - ¢) iq- , . (13)

[of

and the specific surface in m.? per g. is

450,000 (1 -c)a

0 = . ' (14)
SP dsq . .

The theoretical expressions set forth by Porod, Kahovec, and associates also
include three other useful quantities. The first is £, the structure number, defined

by
2
f = ea/q . (15)

This quantity is qualitatively a measure of the irregularity of the colloidal sub-
division. In a dilute system of identical spheres f£ is about l/2. Cluster formation,
fluctuations in particle size, and deviations from spherical shape cause an increase
in £, so that for granular structures in general it is close to unity. Still larger
£'s indicate pronounced departures from spherical shape.

The theory also yields two length parameters, z and ic' The first is the
inhormogeneity length, ’

2 = 40,000/0,. . ' (16)

If the colloidal system is imagined to be pierced by rays in all directions at random,

the rays will be cut into different lengths by the disperse phase (particles in void
or holes in solid). The numerical average of these lengths is AL . The second length
parameter, £., is known as the coherence length and is given by

L. = 2efq. (17)

c

It is related to the size and shape of the particles as well as to their arrangement,
In a dilute system of identical spheres £. is equal to 3/4 of the sphere diemeter.
Clustering of particles will cause ar increase in the value of 2.

Table III gives results for three electrode binder pitches and their cokes,
quinoline insoluble (Q.I.) fractions, and quinoline soluble (Q.S.) fractions, and for
a beta resin., Figure 5 shows the plots of log I against log 20. Before attempting an
interpretation of the numerical deta in Table III it Is best to see what can be learned
from the curves. Perhaps the most obvious feature of the curves is their similarity in
shepe. With few exceptions they slope upwards at the lowest angles, an indication
of either particle clustering or the presence of a substantial weight fraction of
much larger particles. This is a comspicuous characteristic of all the specimens
except the quinoline insoluble fractions, of which only one displays this feature.
The slopes of all the curves tend to decrease continuously, although sometimes ir-
regularly, with increasing angle. Hence there is no indication of pronounced depar-
ture from a spherical particulate habit. Finally, for most of the specimens the slopes
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Table III. Small-Angle Scattering Results for Selected Samples
£ £
Scattering =3 {value {value used | p Z Osp
Range {(arbitrary | directly | in computirg}— =
(°20) units) | computed)| £ and Ogp) |(A.) | (A.) | (m.2/g.)

Pitches

No. 1| 0.04-0.3 27 O.k2 542

No. 3 | 0.04-0.3 373 0.39 540

No. 6 | 0.04-0.3 210 Q.45 545
Cokes

No. 1 | 0.04-0.6 749 0.55 0.60 L46 | 619 37.0

No. 3 | 0.04-0.7 1600 0.h43 0.60 L37 1629 36.3

No. 6 | 0.0L4-0.6 1046 0.45 0.60 463 |s574 40,0
Q.I. Fractions .

No. 1 j 0.04-1.0 2939 0.38 ' 0.60 o3 1623 39.0

No. 3 | 0.04-1.0 3632 0.5k 0.5k 384|698 3h.7

No. 6 | 0.0k-1.0 5333 0.59 0.59 362 {577 42,0
q§.S. Fractions

No. 1 | 0.04-0.3 L6 0.34 5L8

No. 3 | 0.04-0.3 230 0.43 541

No. 6 | 0.04-0.L T06: 0.k2 527
Beta 0.04-0,3 786 0.49 518

Resin ’ ’




=T

T

PRSI

“145-

become considerably less than -3 at the largest angles, which means that in these in-
stances the surface areas will have to be estimated by an indirect approach rather than
determined directly in terms of the limiting value of a = l§3. Kahovec et al. suggest
for such cases that a reasonable value be assigned to f and that a value of & be com-
puted from it by means of equation (15). In Table III this method has been followed
for cokes 1, 3, and 6 and Q.I, fraction 1, using an assigned f value of 0.50. The
correspdnding jg and 95 values are therefore to be regarded as estimates and less
accurate than the values for Q.I. fractions 3 and 6.

The observations Just made are in accord with the small vaelues of f directly
computed from the experimental intensities by means of equation (15). For Q.I. fractions
3 and 6 the limiting slope of the log I versus log 5? curve is close to -3, permitting.
dependable specific surface values to be calculated using equation (14%). For the other
samples the slopes become -3 at intermediate angles and yield the directly computed f
values given in Table IIT, many of which are smaller than the thecretical minimum value
of 0.50 to be expected for an ideal system of uniform spheres, These abnormally small
values are not unexpected since a slope of =3 at large angles is not reached. A cholce
of £ = 0,60 seems reasonable as a basis for subsequent calculation of &, £, and O
since this is approximately the value observed for Q.I. fractions 3 and 6, which arg
believed to be reliable. The fact that all the directly computed f's are in the
neighborhood of 0.5 emphasizes what has been already inferred from the curves, that the
particle shape is not far from spherical.

It will be seen from Table III that the amount of small-angle scattering, e,
is largest for the Q.I. fractions, considerably less for the cokes, and very small for
the pitches and Q.3. fractions. This shows that the Q.I. samples are most heterogenecus
physically, the cokes less so, and the pitches and Q.S. samples reletively homogenecus.
The weak small-angle scattering of the last two materials can be interpreted in two
ways., First, it may mean that the samples are very largely solid continuums, without
pores or particles, but that a small portion of each sample is either particulate or
consists of solids with pores. Second, it may mean that the samples are entirely
solid without pores or particles, but that the solid continuur consists of regions of
differing density. The latter explanation seems more reasonable in the case of pitches
and Q.S. fractions, but since the densities of the hypothetical constituent regions
are not known, it is not worthwhile to compute specific surface values, which would
necessarily rest on extremely arbitrary assumptions. Even if an effective "internal"
surface could be computed in this way, it would have only a very ambiguous physical
significance. In this connection it may be emphasized that small-angle scattering can-
rot differentiate between particles in void and the complementary case of pores in

. solid. Precisely complementary structures of these two kinds would give identical

small-angle scattering patterns. Likewise, the specific surface would be the same in
both cases and its determination unambiguous.

One of the two length parameters, the coherence length £ _, is computed
directly from the intensity integrals e and g (see equation (17)) &nd can be derived
independently of the -3 slope criterion discussed above, Accordingly ;gc has been
calculated for all the specimens in Table III, whereas-!&, the inhomogeneity length,
and gsp, the specific surface, have been determined only for the cokes and Q.I.
fractions. 1In deriving the specific surfaces, the values of c used have been those
calculated from the following "solid” densities: 1.75 g./cm.3 for cokes and 1.65
g./cm.3 for Q.I. fractions.

Not only do the x-ray results indicate an approximately spherical habit for
all the materials studied, but the length parameters £, and _£ and the specific sur-’
faces are surprisingly similar. This is striking in view of the probable difference
in character of the heterogeneity in cokes and in Q.I. fractions. Thus one may be
predoninantly particulate whereas the other may be more reticular (pores in solid).
Electron photomicrographs of the Q.I. fractions confirm the small-angle scattering
results by showing most of the particles to be spherical, a considerable portion
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being less than 1000 A. in diameter and the rest much larger on the average. Most of
the cokes, however, are seen to comnsist of roughly equidimensional particles of other-
wise irregular shape, many of them too large to produce small-angle scattering in the -
accessible angular range.

In the absence of supplementary information regarding the character of the
heterogeneity in a substance that produces smali-angle x-ray scatter, it is best to
look upon £, and .2 as giving the approximate linear dimensions of the structural
entities responsible for the small-angle scatter instead of attempting a mcre concrete
interpretation in terms of sphere or pore diameters. For all five substances studied
these scattering entities are of nearly the same mean size, and in addition they are
not far from spherical (at least equidimensional) in sbape.

CONCLUSIONS

1. The fine structure of electrode binder pitches and their cokes resembles
that of carbon blacks. Approximately two-thirds of the carbon is present as aromatic,
or graphite-like layers, which for the most part are in turn aggregated into turbo-
stratic crystallites.

2. Roughly one-third of the carbon ard minor constituent elements are present
as so-called disorganized material, & higher proportion than in carbon blacks.

3+ The pitch and coke crystallites are approximately equidimensional with
linear dimensions of 12-20 A. Coking of & pitch at 575° C. produces a somewhaet greater
increase in L. than in L,.

Lk, The interlayer spacing in pitch crystallites shows considerable variationm,
in contrast with those in cokes or carbon black, which are rather uniform.

5. A considerable portion, probably more than half, of the quinoline insoluble
fractions examined is present in the form of roughly spherical particles with a mean
diameter of the order of 500 A. The remainder-is present as muck larger particles the
dimensions of which cannot be measured by small-angle x-ray scattering.

‘6. The small-angle scattering produced by pitches and their quinolire soluble
fractions is weak, showing that they possess little if any particulate character.

. 7. 575° C. cokes of pitches and the quinoline insoluble fractions of pitches
possess similar specific surfaces of the order of 4O m.a/g.
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Figure 1. Comparison of the wide-angle x-ray diffrection patterns of an electrode
binder pitch, its 575° C. coke, quinoline soluble and insoluble fractions of
a pitch, and a typlcal carbon black
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Figure 2. Histograms comparing the M distributions in six pitches (Nos. 1-6),a beta

resin (No. 7), and their respective 575° C. cokes. Solid lines uncoked,
broken lines -coked. Estimated precision of EM'S indicated by hatched histograms.
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Figure 3. Comparative (002) profiles of pitch No. 3 (solid line) and its 575° C. coke
(broken line). : .
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Figure 4. Schematic diagram of small-angie scattering apparatus.
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Figure 5. Plots of logjgl versus 1og);20 for three electrode binder pitches (P), their
575° C. cokes (C), quinolinme insoluble fractions (QI), acd quinclime soluble
fractions (QS). Numbers on curves indicate magnitudes of the negative slopes.
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The Relation of the Chemical and Physical Properties of Coal
Tar Pitches to thelr Carbonization and Graphitization Character

P.L. Walker, Jr., C.R. Kinney, D.0. Baumbach, and M.P. Thomas
Fuel Technology Department, The Pennsylvania State University
University Park, Pennsylvania

INTRODUCTION

Coal tar pitch, derived from by-product ovens, is the preferred
material for use as a binder in the manufacture of carbon and graphite
electrodes. Variations in the type of coke oven and coke oven practice
and the diversity of sources of supply give rise to variations in pitch
quality which affect electrode performance and result, in the case of some
pitch binders, in poor performance. At the moment, it seems in vogue for
industry to invariably blame poor electrode performance on the binder, de-
spite variations in the properties of the filler (usually petroleum coke),
which may be as great as those variations in binder properties. It appears
that the main justification for attributing poor electrode performance to
the binder 1s the feeling that coal tar pitch coke does not grow in crystal-
lite size as markedly as does petroleum coke upon heat treatment. With the
attendant smaller growth in crystallite size, it is suggested that the
pltch binder possesses inferior quality for such important properties as
electrical and thermal conductivity, reactivity to gases, coefficient of
thermal expansion, and strength.

The three initial aims of this research have been: (1) to seek
relationships between the chemical and physical properties of coal tar
pitches and the properties of the cokes and graphitized carbons produced
therefrom; (2) to better understand the effect of heat treatment temperature
on the properties of carbons produced from coal tar pitch; and (3) to com-
pare the properties of the cokes and graphitized carbons produced from coal
tar pitch with those produced from a standard, commercially used petroleum
coke. For reaction rate studies, comparisons are also made with a coal
coke and lampblack. This paper presents the results on this initial phase
of research.

Work is now in progress studying the interaction between the
filler and binder phases. Selected pitches from those examined in the
initial phase of the research are being processed with a standard petroleum
coke 1n a conventional manner to produce carbon and graphite bodies. Impor-
tant properties of the bodies will be compared with the same properties of
the cokes and graphites produced separately from the pitches in an attempt

- to learn the real significance of binder properties in affecting-electrode

performance. The results of this latter phase of research will be reviewed
at a future date.
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EXPERIMENTAL

A. Preparation of Coke and Graphitized Carbons

1. Charring of the coal tar pitches. A sample of 250 grams of coal tar
pitch was placed in an annealed glass liner (5.4 cm. o.d. and 52.5 cm. long).
The liner was enclosed in a gas-tight steel bomb (1780 cc. capacity) and the
bomb was evacuated prior to filling with nitrogen to atmospheric pressure.
The bomb was heated to 550%2.5°C. in twelve hours and held at 550°C. for an
additional twelve hours. The maximum pressure developed on charring ranged
from 710 to 890 psig., depending upon the pitch. The bomb was allowed to
cool to room temperature before opening.

The recovery of char inside the glass liner, which was subsequently
coked and graphitized, generally ranged from 67 to 78 per cent of the initial
pitch weight. The remainder of the weight could be accounted for by char
between the glass liner and bomb wall and by permanent gases. The molecular
‘weight of the permanent gases was estimated in several runs to be about 22,
Two charring runs were made on each pitch, with the charring yields agreeing
consistently within 1.5 per cent.

2. Grinding of the coal tar pitch chars. The pitch-chars were ground in
a hammer mill and screened through U.S. sieves 40 and 60 mesh. The 40 x 60
mesh fraction, which amounted to between 30 and 40 per cent of the char yield,
was used in the subsequent coking operation.

3. Coking of the coal tar pitch chars. Twenty-five grams of char from
each charring run were heated (in a Vycor tube flushed with helium) at a rate
of 5°C. per minute to 1000°C. and soaked for one hour at this temperature.
Variation in temperature along the sample length was less than +6°C. The
coke yield amounted to about 65 to 70 per cent.of the initial pitch weight.
Negligible fusing of the 40 x 60 mesh char particles was found on coking.

4, Graphitization of the coal tar pitch cokes. Approximately 10 grams
of 40 x 60 mesh coke were placed in cylindrical graphite capsules (1 1/2 in.
0.d. and 1 1/2 in. long). The capsules were loaded into a larger cylindrical
graphite capsule (4 in. o.d. by 11 in. long), which was then centered in a
resistance furnace. The resistance furnace, which was flushed with helium
during a run, consisted of a graphite tube 6 inches in diameter and several
feet long. Samples were allowed to cool to room temperature before being
‘removed. All temperatures were measured with a Pyro optical pyrometer.
Samples graphitized by resistance heating are designated as carbons (R).

5. Additional heat treatment of a variety of carbons. In order to
understand the effects of a wide heat treatment range on the subsequent
reactivity of coal tar pitch coke, petroleum coke, coal coke, and lampblack
to oxidizing gases, samples were heated to temperatures of approximately
1750, 2000, 2250, 2600, and 2800°C. in an induction furnace, with zero soak
time at the maximum temperature. Three cylindrical graphite crucibles
(7/8 in. o.d. and 1 1/2 in. long) were partially filled with 5 grams of
sample. The crucibles were inserted into a graphite tube (1 1/4 in. o.d.
and 21 1in, long), which in turn was centered into a quartz tube (3 1/4 in.
o.d. and 25 1/4 in. long). The furnace was evacuated over night at room
temperature and then flushed with helium during the run. The temperature
was regulated by manual control of a transformer. Temperature readings
were taken with an optical pyrometer sighted through a quartz window at
the top of the furnace.
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B. Apparatus and Procedures Used to Define the Properties of the Pitches,
Cokes, and Graphitized Carbons

Standard procedures previously described were used in the x-ray
diffraction (2), surface area (3,4), electrical resistivity (5), and gas
reactivity studies (6). Analyses of.the coal tar pitches were determined
using standard specification studies (7).

C. Description of Raw Materials

The coal tar pitches represent the residual product from the

‘distillation of high-temperature coke-oven tars. No information is

available on the carbonization temperatures at which the tars were pro-
duced or the distillation procedures used to produce the coal tar pitches.

Raw petroleum coke is the coked still bottoms left in the pot

'after distillation of the crude oil. The raw coke having seen a temperature

of ca. 500°C. was calcined at ca, 1250°C., It had an ash content of 0.12
per cent and a carbon content of 97.8 per cent.

Lampblack is prepared from the partial combustion of liquid hydro-
carbons. The lampblack used in this research was taken from crushed, 5/8-in.
gas baked (ca. 1000°C.) lampblack electrodes. The green electrodes contained
a mixture of 75 per cent lampblack and 25 per cent coal tar pitch by weight.
The baked material had an ash content of 0,22 per cent and a carben content
of 98.9 per cent.

The coal coke was a standard low temperature founﬂry coke produced
at about 600°C. It had an ash content of 6.8 per cent and a carbon content
of 85.0 per cent.

RESULTS AND. DISCUSSION

A. Analyses of the Coal Tar'Pitches

Table 1 presents data on the chemical analyses of the whole
pitches. The analysis for sample BD-PSU-5 is markedly different from the
remaining samples, since it 1s a lignite pitch.

Table II presents semi-quantitative data on the concentration
of'ﬁerallic impurities in some selected pitches. The concentrations were
determined using standard spectrochemical techniques. The concentrations
are -expressed in parts of impurity per. million parts of pitch on a weight -
basis. )

Table III presents miscellanecus data on the pitches. The coking
values were determined using the Barrett Method B-8 (7), which consists of
rapidly heating the pitch to 900°C. and holding the temperature for seven
minutes. The softening point of the pitches was determined by the ring
and ball mefhod (7). From Table IIJ, it is seen that the specific gravity
of the whole pitch increases with an increase in its quinoline insoluble

" content. Also as expected, it is seen from Table III that as the specific

gravity increases, 'the coking value alsc increases.
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B. Chemical Analyses of the Cokes from the Group A Coal Tar Pitches

Table IV presents data on the chemical analyses of the cokes from
the Group A* coal tar pitches. For these pitches, two charring runs and
three coking runs were made, with the char from one run being coked twice,

' The data, consequently, represent an average of three coking runs. The
amount of hydrogen in the original pitch removed upon coking varies from 38l
per cent for sample 22805 to 90 per cent for sample 23217. The amount of
nitrogen removed from the pitch ranges from 28 per cent for sample 23217

to 100 per cent for sample 56-273, The amount of sulfur removed from the
pitch ranges from 28 per cent for sample 2276l to 54 per cent for sample
56-274. Thus, there 1s considerable variation in the amount of hydrogen,
nitrogen, and sulfur removed on coking of the different pitches. However,
there is no obvious correlation between the amount of these elements in

the original pitch and the percentage of them removed on coking.

C. Crystallographic Parameters for the Chars, Cokes. and Graphitized
Carbons from the Group A Coal Tar Pitches

1. Interlayer spacings and crystallite heights., Table V presents
data on the interlayer spacings and crystallite heights of the chars, cokes,
and graphitized carbons produced from the Group A coal tar pitches. X-Ray
diffraction determinations were made on a sample from each run. Consequently,
the data on the chars represent the average of two determinations; on the
cokes, an average of three determinations; and on the graphitized carbons,
an average of two determinations at each temperature (that is, two different
samples of coke were heated in each graphitization run). The graphitization
runs were performed in the resistance furnace previously described. The
interlayer spacing data in all cases are significant to £0.02A., *0.014.,
‘and £.001A. for the chars, cokes, and graphitized carbons, respectively.
The crystallite height data in all cases are significant to £1A., #lA,, and
.%50A., respectively.

Franklin (8) and Bacon (9) have thoroughly discussed the use of
interlayer spacing data as a criterion of three-dimensional ordering in
carbon. Interlayer spacings above 3.44A. are indicative of only two dimen- A
sional ordering, whereas decreasing spacings between 3.44A. and 3.3538A.
indicate a progressive increase in three-dimensional ordering between zero
and 100 per cent. As expected, the interlayer spacing data on the chars
and cokes indicate no three-dimensional ordering. Furthermore, for each
group the spacings are essentially the same. In line with the findings of '
Kinney, Nunn, and Walker (10), among others, the interlayer spacings of the [
material having seen 1000°C. (cokes) are somewhat larger than the comparable /
material having seen only 550°C. (chars). As expected, the calcined petro- !
leum coke having seen a temperature of ca. 1250°C. has a lower interlayer y
spacing than the cokes from the coal tar pitches. That is, the interlayer
spacing of carbons begins to decrease markedly at heat treatment temperatures
above about 1050°C,

* The first six coal tar pitches, on which some additional work was done, .
.will be called Group A pitches hereafter. The remainder of the pitches
will be called Group B.

Vs
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On graphitization, a marked decrease in interlayer spacing of
all the cokes is seen. The effect of increasing graphitization temperature
on further decreasing the interlayer spacing is also evident, as previously
discussed (11). The carbon produced from pitch 23217 by graphitization at
2650°C. is seen to have the lowest interlayer spacing, 3.359A., and, con-
sequently, the highest degree of three-dimensional ordering, ca. 85 per cent.
The petroleum coke graphitized at 2570°C, has a lower interlayer spacing
than the majority of the pitch cokes graphitized at the same temperature.
Unfertunately, the petroleum coke was not heat treated at 2650°C.

From Table V, it is seen that there is little significant dif-
ference in the average crystallite heights between the chars, as''a group
or between the cokes, as a group. Some decrease in the average crystallite
sizes of the cokes over the comparable chars are noted, in line with pre-
vious findings (10). The petroleum coke has a considerably higher crystal-

-lite height than any of the pitch cokes, as expected because of its higher

calcination temperature, Extensive increases in average crystallite heights
of the pitch cokes on graphitization are noted. However, the effect of
increasing the graphitization temperature from 2570 to 2650°C. on increasing
the crystallite heights is not indicated clearly by the data. In any event,
the marked decrease in interlayer spacing and increase in crystallite height
upon heating to graphitization temperatures clearly stamp these pitch cokes
as "graphitizable carbons'.

2., Orientation of crystallites in pitch cokes. As pointed out, the
interlayer spacing and crystallite height data on the pitch cokes show such
minor variations that it is difficult to distinquish between the samples.

A similar situation was shown to exist when a series of calcined petroleum
cokes was examined by x-ray diffraction (12). However, in the latter case

it was shown that the extent of crystallite orientation in the cokes, as
given by the intensity of the (002) x-ray diffraction peak, varied con-
siderably and could be used to predict important properties of carbon bodies -
made from the cokes. Consequently, relative intensities of the (002) peak
for the pitch cokes were determined using techniques previously described
(2,12). Peak intensities were determined on the three coke samples from

each pitch, and one additional intensity determined on a second sample of

one of the cokes selected at random. -The average peak intensity for the
cokes from each pitch varied in all cases by less than £10 per cent. The
intensities varied from 24.4 c.p.s. for pitch coke 22761 (poorest crystallite
orientation) to 34.4 c.p.s. for pitch coke 23217 (best crystallite orienta-
tion).

D. Surface Areas of the Chars, Cokes, and Graphitized Carbons from the
Group A Coal Tar Pitches .

Table VI presents surface area data on 40 x 60 mesh sanmples of
coke and graphitized carbons produced from the Group A coal tar pitches,
The surface area for the char produced from pitch 23217 is also included.
Determinations were made on the same number of samples as in the x-ray’
diffraction studies, with the average surface areas reported in Table VI
representing all samples from a given pitch within at least *10 per cent.

The first major conclusion to be drawn from the data in Table VI
is that the surface areas of the cokes (and char) are quite small. These
small areas indicate that the cokes (and char) contain a negligible-amount
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of open porosity in fine pores. A small area is desirable for a graphitizable
carbon since it means that there will be a minimum of discontinuities within
the particle to stop crystallite growth. It should be noted that the petroleum
coke has a somewhat higher area than the coal tar pitch cokes. This could be
due entirely, or in part, to the higher heat treatment temperature of the
petroleum coke, since it has been shown that surface areas of some carbons do
increase slightly when heated in the range 950 to 1100°C.

No relationship is found between the surface area of the cokes and
their graphitizability. For example, carbon from pitch 23217 has the lowest
interlayer spacing on heat treatment to 2650°C. but yet does not have the
lowest surface area, as seen in Table VI. This lack of correlation is not
surprising if the very low values of the surface areas are kept in mind.

At 2650°C., the extent of crystallite growth is probably not yet limited by
the infrequent pores in the coke particle (11).

From Table VI, it is seen that there is a decrease in the specific
surface areas of the cokes on heat treatment to 2570 and 2650°C. At 2650°C.,
this decrease ranges from 50 per cent for sample 22761 to 13 per cent for
sample 22763. The percentage decrease in surface area is seen to be roughly
related to the surface area of the coke - the higher its area the greater
the percentage decrease. This results in the surface areas of all the
graphitized carbons varying much less than the surface areas of the cokes.

Despite the over-all decrease in areas on graphitization, there
is some indication that the specific surface area of the graphitized carbons
increase slightly in going from 2570 to 2650°C. Perhaps volatilization of
some impurities in this temperature range produced slight porosity. It is
noted that the surface area of the petroleum coke after graphitization at
2570°C. is ca. 25 per cent greater than the surface area of the graphitized
pltch cokes.

Looking at' the chemical analyses of the coal tar pitches in Table
I, no correlation is found between the percentage of hydrogen, nitrogen, or
sulfur in the pitch and the surface areas of the cokes or graphitized carbons
produced therefrom. ~

E. Electrical Resistivities of Cokes and Graphitized Carbons

Table VII presents electrical resistivity data on the cokes and
graphitized carbons produced from both the Group A and B coal tar pitches.
The resistivities of the cokes are seen to be quite similar. Disregarding
samples 22761 and BD-PSU-5 (lignite pitch), the resistivities of the re-
maining pitch cokes vary by only 12 per cent. No correlation is found
between the electrical resistivities of the Group A cokes and their crystal-

lographic parameters or surface areas. Presumably, likewise no correlations

would exist for the Group B pitch cokes. As expected because of its higher
 calcination temperature, the petroleum coke has a lower electrical resistiv-
. ity than any of the pitch cokes.

On graphitization, there is a marked decrease in the electrical
resistivities of all samples. Further, as expected (13), the higher
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temperature graphitization run® produced, for each sample, the lower elec-
trical resistivity. As for the cokes, no correlation exists between the
electrical resistivities of the graphitized carbons from the Group A pitches
and the crystallographic parametas or surface areas of the carbons.

The electrical resistivities for the graphitized petroleum coke
are comparable with those for many of the graphitized pitch cokes heated to
the same temperature. Actually, the electrical resistivities of the graph-
itized pitch cokes from samples 23217, 56-274, BD-PSU-8, -12, -16, and -17
are lower than the resistivities of the graphitized petroleum coke.

F. Gas Reactivities of Cokes and Graphitized Carbons

1. Reactivities of cokes and graphitized carbons to carbon dioxide at
1150°C. Tables VIII and IX present data for the reactivity of cokes and
graphitized carbons from the Group A and Group B pitches, respectively.

" Clearly, for the majority of the pitch samples, the reactivity of the car-

bons graphitized between 2570 and 2660°C. is greater than the reactivity of
the cokes, Samples 56-274 (graphitized at 2570°C.) and BD-PSU-2 are ex-
ceptions. For the Group A coal tar pitches, 'an increase in graphitization
temperature from 2570 to 2650°C. results in a marked increase in reactivity
of the carbons to carbon dioxide. To the contrary, for the Group B coal
tar pitches (and pitch 22805 from Group A) an increase in graphitization
temperature from 2660 to 2680°C. produces a decrease in reactivity, with
two excepticns. These exceptions are samples BD-PSU-1 and -18.

It is noted that the wide variation in reactivities of the pitch
cokes to carbon dioxide is not carried over to the graphitized samples.
For example, considering the Group B pitches, the cokes show a spread in
reactivity from 3.5 to 30.8 per cent burn-off in two hours. On the other

and, exclusive of BD-PSU-5 (lignite pitch), the samples graphitized at
2660 C. show a spread in reactiv;ty from only 19.8 to 28.1 per cent,

A qualitative correlation is found between the per cent ash in
the coal tar pitches (Table I) and the reactivity of the cokes produced
therefrom (Table VIII and IX). Even though there is considerable scatter
in the data, in general, higher ash content in the pitch means higher re-
activity of the coke towards carbon dioxide. The scatter inm the data is to
be expected since individual constituents of the impurity phase will have
different effects on increasing (or decreasing) the reactivity of the coke.
Yo correlation is found, however, between the concentrations of any individ-
ual constituent of the impurity phase in the pitch and reactivity of the
cokes.

For the Group A coal tar pitches, the reactivity data of the
cokes (as a group) or graphitized carbons (as a group) camnot be explained
on the basis of the surface area or crystallographic parameters of these
materials.

* It is noted that the majority of the Group A‘samples were graphitized at
temperatures lower than those used for the Group B samples. Unfortunately,

" insufficient samples of the Group A cokes were available to make heat treat-

ment runs at 2660 and 2680°C.
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In marked contrast to the increase in reactivity upon graphiti-
zation for the majority of the pitch samples, the petroleum coke is seen
to undergo a major decrease In reactivity upon graphitization to 2570°C.
Further, the reactivity of the petroleum coke is many-fold greater than the
reactivity of the majority of the pitch cokes; whereas the reactivity of
the graphitized petroleum coke 1s comparable to that of many of the
graphitized pitch cokesi

2: Reactivities of different carbons to carbon dioxide and air as a
function of heat treatment temperature. Samples of pitch coke 56-273,
petroleum coke, lampblack, and coal coke were heat treated in a helium
atmosphere at a series of temperatures, using an induction furnace. Sepa-
rate runs also were made at selected temperatures on pitch coke 56-273
and petroleum coke in an induction furnace, using a 1 per cent chlorine-99
per cent helium atmosphere:. Because of space limitations in the induction
furnace, only sufficient sample could be heat treated to enable the making
of one reactivity run, each, in carbon dioxide and air. Table X summarizes
the data. i

In agreement with previous findings where the resistance furnace
was used to heat treat the samples, the reactivity of the pitch coke is
seen to increase upon being treated to higher temperatures. A maximum in
reactivity is found for heat treatment to ca. 2000°C. Another maximum
(displaced to a higher temperature than found previously for sample 22805)
probably occurs at a temperature above 2800°C. Also as found before, the
reactivity of petroleum coke to carbon dioxide shows a marked decrease upon
heat treatment. The initial decrease is found to occur between the calcina-
tion temperature and a heat treatment temperature of 1750°C. A slight
increase in reactivity is suggested with an increase in heat treatment
temperature between 1750 and 2250°C. This is followed by a second, sharp
decrease in reactivity on heat treatment to 2600°C. No further maximum in
reactivity is found for the petroleum coke between 2600 and 2800°C., prob-

ably because the gap in heat treatment temperature was too large to uncover
a maximum.

Limited data indicate that the-success attained in decreasing
carbon reactivity by heat treatment in a partial chlorine atmosphere depends
upon the carbon and heat treatment temperature. For example, for the pitch
coke 56-273, 1t is seen that the use of a partial chlorine atmosphere
during heat treatment at ca. 1750 and 2000°C. markedly decreases the sub-
sequent reactivity of the carbon to carbon dioxide. .On the other hand, the
use of chlorine at ca. 2250°C, shows little effect. The use of a partial
chlorine atmosphere during the heat treatment of petroleum coke at ca. 2000

and 2250°C. also shows little effect on the subsequent reactivity.

It is"seen from Table X that heat treatment of lampblack and coal
coke over a range of temperatures has a negligible effect on the subsequent
reactivity of these materials to carbon dioxide. This is particularly
surprising in the case of the coal cake, which undoubtedly underwent a major
decrease in ash content on heat treatment at 2600°C.

~ The effect of heat treatment on the reactivity of pitch coke and
petroleum coke to air is seen to be considerably different from the effect
of heat treatment on their reactivity to carbon dioxide. The reactivity of
/
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both these materials to air is seen to decrease progressively with iIncreasing
heat treatment temperature. Furthermore, the reactivities of the two materi-
als to air for heat treatment temperatures up to 2250°C. parallel each other
closely. The use of a partial chlorine atmosphere is seen to decrease’
markedly the subsequent reactivity of the pitch coke to air at all heat treat-
ment temperatures investigated.

As 1in the carbon-carbon dioxide reaction, variation in heat treat-
ment temperature is seen to have a negligible effect on the reactivities of
lampblack and coal coke to air. . -

It is readily apparent that the reactivity of carbons to carbon
dioxide is much more sensitive to carbon-type than is the reactivity of
carbons to air. In the latter case, it is seen that the reactivities of
different carbons, following particular heat treatment temperatures, are
quite similar.
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TABLE IV

CHEMICAL ANALYSES OF THE COKES FROM THE
GROUP A COAL TAR PITCHES

%S

0.54
0.35
0.26
0.26
0.29
0.16

Atomic
% Other C-H Ratio

0.57 17.2
0.35 13.4
0.26 10.6
0.26 18.5
0.29 14,1
0.16 11.4

Graphitized Carbon

2570°C, 2650°C,
0.18 0.18
0.17 0.21
0.17 0.20
0.23 0.21
0.19 0.20
0.24 0.28
0.34 -

Coke %c 70 ©_IN
22761 98.16 0.48 0.23
22763 97.68 0.61 0.03
22805 96.53 0.79 0.16
. 23217 97.96 0.44 0.36
56-273" 98.35 0.56 0.00
56-274 98.11 0.75 0.05
TABLE VI
SURFACE AREAS OF THE CHARS, COKES, AND GRAPHITIZED CARBONS
PRODUCED FROM THE GROUP A COAL TAR PTICHES
2
Surface Area, m./g
Pitch Char Coke
22761 - 0,36
22763 - 0.24
22805 - 0.26
23217 0.38 0.34
56-273 - 0.31
56-274 - 0.45
petroleum coke - 0.59
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Sample

22761
22763
22805
23217
56-273
56-274
BD-PSU-1
-2
-3-
-4
-5
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
-18
-19
petroleum coke

2 Graphitized at 2570°C.
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TABLE VII

ELECTRICAL RESISTIVITIES AT 2500 PSI.” AND 25°C.
FOR COKES AND GRAPHITIZED CARBONS

Electrical Resistivity, ohm-cm.

Coke

[eNofoReNoNoNoNoNoNoNoloNoloNoNoNoNoNoNoNoNoRooNo o

.050
.038
.040
.038
.038
.032
.037
.035
.041
.038
. 049
.036
.040
.038
.039
.037

035

.037
.037
. 040
.04l

034

.034
.032
.036
.024

‘Graphitized Carbon

2660°C, 2680°C.
0.0081% -

0.00492 -

0.0042 0.0032
0.0029° -

0.00442 -

0.0029° -

0.0032 0.0031
0.0035 0.0034
0.0046 0.0038
0.0042 0.0032
0.0050 0.0042
0.0032 0.0030
0.0030 0.0029
0.0028 0.0025
0.0037 0.0029
0.0036 0.0027
0.0031 0.0024
0.0027 0.0026
0.0034 0.0027
0.0038 0.0031
0.0039 0.0030
0.0026 0.0023
0.0020 0.0021
0.0033 0.0023
0.0035 0.0029
0.0031 0.0025

Y Graphitized at 2650°C.
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TABLE VIII

REACTIVITIES OF COKES AND GRAPHITIZED CARBONS FROM

GROUP A PITCHES TO CARBON DIOXIDE AT 1150°C.

Weight Per Cent Burn-O0ff in Two Hours

Graphitized Carbon

2570°C. 2650°C.
16.2b 29.3
12.4 24.4
15.0 26,2
17.6 24.3
12.4 31.1
15.9 27.0
10.7 -

2 Reactivities on pitch cokes represent average of reactivities
determined on individual samples from three different coking

b peactivities on carbonms at each graphitization temperature

represent average of reactivities on two graphitized coke

N
¥
Sample Coke
! 22761 8.72
22763 9.8
® 22805 8.8
]
23217 7.4
by _
! 56-273 7.6
) ) 56-274 22.0
v petroleum coke 55.2
L]
‘ runs,
)
o samples.
3,



REACTIVITIES OF COKES AND GRAPHITIZED CARBONS FROM
THE GROUP B PITCHES TO CARBON DIOXIDE AT 1150°C,

Sample

BD-PSU-1
-2

-3

-4

-5

-6

-7

-8

-9

-10

-11

-12

-13

-14

-15

-16

-17

-18

-19

22805
petroleum coke

& Reactivities on pitch cokes represent average of reactivities
determined on individual samples from two different coking runs.

b Represents one reactivity run on one graphitized coke sample at
each temperature in every case,
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TABLE IX

Weight Per Cent Burn-Off in Two Hours

Coke

17.
30.

LJ@;—‘PO‘-PU‘NU‘ONHOMOOJNO\IQ

~

[

Graphitized Carbon

2660°C.  2680°C,
2,52 2.8
21.1 20.5
23.0 19.1
22.9 12.3
40.3 37.9
20.1 14.4
20.5 14.7
24.3 16.8
25.0 21.9
19.8 14.2
23.8 17.3
23.6 15.1
21.7 14.5
28.1 17.2
25.7 17.9
25.1 15.2
20.8 15.2
20.0 25.5
22.7 16.8
26.8 17.2
22.5 15.2
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